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ABSTRACT 


Tome nth ypnum  ni tens  (Hedw.)  Loeske  forms  dense  carpets 
in  fens  where  the  tree  and  shrub  canopy  is  sparse  and  the 
water  table  is  close  to  the  surface.  The  Feather  moss 
species  |~  Hylocomium  splenden s  (Hedw.)  BSG,  Pleurozium 
schreberi  (Brid.)  Hitt.,  and  Ptilium  crista-castr ensis 
(Hedw.)  De  Not.]  form  more  open  carpets  in  shaded  and  better 
drained  habitats.  A  study  was  made  of  the  environments  of 
these  moss  communities  at  a  site  near  Edson,  Alberta  and 
parameters  controlling  growth  rates  and  habitat  limits  of 
the  species  were  investigated. 

Global  short-wave  radiation  incident  on  the  Feather 
mosses  under  a  tree  canopy  averaged  20%  of  that  on  T.  ni tens 
in  the  open.  Diurnal  air  temperature  fluctuations  were 
about  4.5°C  lower  under  the  forest  canopy  than  in  the  open. 
The  canopy  surface  of  T.  nitens  showed  large  temperature 
variation,  with  temperature  elevations  as  high  as  15°C  above 
ambient  .air,  while  the  Feather  mosses,  except  when  exposed 
to  sun-flecks,  had  surface  temperatures  close  to  air 
temperature.  Free  surface  evaporation  rate  over  forested 
Feather  moss  sites  averaged  57%  of  that  in  the  open  over  T. 
nitens,  while  rainfall  reaching  the  Feather  mosses  averaged 
78%  of  that  reaching  T.  nitens.  Mean  wind  speeds  over  the 
Feather  mosses  were  also  lower  than  over  T.  ni tens. 

Measurements  showed  that  the  capacity  for  net 
assimilation  decreased  with  depth  from  the  canopy  surface  in 
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all  species,  and  that  net  assimilation  rates  decreased  with 
decreasing  water  contents  below  3  g  ®  g  dry  wt_  1 ,  and 
approached  zero  at  water  contents  below  0.4  g  *  g  dry  wt-1. 
Optimal  light  levels  for  H.  splendens  and  T.  ni tens  were 


found  to  be  250  and  150  Eins 
In  addition,  the  relationships 
water  potential  were  determine 

Growth  of  T.  nitens  was  m 
stakes  and  net  production  from 
190  g  m~2.  Spatial  variation 
with  the  colour  of  the  apical 
caused  by  variation  in  apical 
variation  in  growth  rate  was  c 
canopy  surface  to  the  ground  w 
of  T.  nitens  was  probably  cont 
rate  of  transport  of  water  thr 
through  evaporation.  The  most 
factors  appeared  to  be  total  p 
evaporation  stress. 

Growth  of  the  Feather  mos 
dry  weight  changes  of  layers  o 
net  production  from  May  to  Oct 
Growth  was  correlated  with  the 
was  wet  and  thus  was  probably 
precipitation.  Since  growth  r 
by  removal  of  a  sparse  shrub  c 
probably  a  second  important  fa 


tein  m~2  sec-1  respectively. 

between  water  content  and 
d  for  all  species, 
easured  relative  to  small  wire 
May  to  October  1975  averaged 
in  growth  rate  was  correlated 
region  and  appeared  to  be 
water  contents.  Seasonal 
orrelated  with  depth  from  the 
ater  table.  The  growth  rate 
rolled  by  the  balance  between 
ough  the  canopy  and  loss 
important  environmental 
recipitation,  followed  by 

ses  was  estimated  by  measuring 
f  Hy locomium  splendens ,  and 
ober  averaged  79  g  m~ 2 . 

length  of  time  that  the  moss 
controlled  by  frequency  of 
ates  were  measurably  reduced 
anopy,  evaporation  stress  was 
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Survival  and  growth  of  Tomen thy pn urn  nit en s  appeared  to 
be  limited  by  evaporation  stress  in  habitats  where  ground 
water  was  not  available.  Feather  mosses  appeared  to  be 
limited  by  radiation  damage  and  evaporation  stress  in  open 
habitats,  by  depression  of  net  assimilation  and  other 
deleterious  effects  of  saturation  in  wet  habitats,  and  by 
insufficient  rainfall  under  dense  tree  canopies. 
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I. 


INTRODUCTION 


Mosses  occupy  a  significant  proportion  of  the  land  area 
and  form  a  conspicuous  component  of  the  vegetation 
throughout  boreal  regions  in  North  America,  Europe  and  Asia. 
Little  is  known,  however,  about  the  environmental  factors 
which  control  their  growth  rates  and  habitat  limits,  or  even 
what  the  environmental  characteristics  of  these  habitats 
are. 

Mosses  not  only  have  considerable  ecological  importance 
in  the  boreal  forest,  but  their  tendency  to  grow  in  uniform 
carpets  of  one  or  a  few  species  facilitates  investigations 
of  the  role  of  microclimatic  factors  in  controlling  the 
growth  and  distribution  of  plant  communities.  The  more  or 
less  even  canopy  surfaces,  the  relatively  small  air  spaces 
between  the  stems,  and  the  general  absence  of  any 
significant  below  ground  growth  make  them  ideal  subjects  for 
detailed  study  of  environment-plant  community  interactions. 
Progress  in  this  area  should  be  rapid  once  the  basic 
controlling  factors  have  been  established. 

Water  appears  to  be  a  major  factor  in  controlling 
growth  and  distribution  of  mosses.  Their  water  relations, 
however,  are  fundamentally  different  from  most  higher 
plants.  They  lack  root  systems,  conducting  systems  are 
generally  not  as  well  developed  as  those  of  vascular  plants, 
and  they  have  no  mechanisms  for  water  storage  or,  as 
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individuals,  to  reduce  water  loss.  Anderson  (1974)  recently 
stated  that: 


"The  water  regime  to  which  nearly  all  non-aquatic 
bryophytes  are  adapted  is  as  follows:  saturation 
of  plants  by  rain,  dew  or  fog;  immediate  increase 
in  metabolic  activities,  including  resumption  of 
photosynthesis  within  minutes,  if  or  as  soon  as 
there  is  sufficient  light;  when  rain  stops  and 
humidity  drops,  plants  begin  to  lose  water  by 
evaporation;  as  plants  dry  out,  metabolism, 
including  photosynthesis,  decreases,  and  at  a 
certain  level  of  desiccation  photosynthesis  stops, 
other  metabolic  activities  decline  to  a  low  level 
commensurate  with  temperature,  and  growth  slows 
and  eventually  ceases;  plants  remain  inactive 
until  rewetted,  when  the  routine  begins  anew." 

While  this  description  applies  to  dry  habitat  species 

which  have  little  or  no  access  to  substrate  water,  the 

situation  with  mosses  growing  in  wetter  habitats  is  more 

complex.  Discussion  of  the  source  of  water  for  such  species 

and  of  the  importance  of  the  central  conducting  strand  (when 

present)  in  its  transport,  in  fact,  has  a  history  of 

controversy  extending  back  to  the  1880's  (see  Blaikley 


1932) .  Most  bryop 
conducting  strands 
external  capillary 


stems 

(Bowe 

n  1 

93 1> 

1955, 

Tallis  1 

959) 

importance 

of 

wa  te 

dew,  ' 

e  tc . ) 

or 

from 

envir* 

onment 

al 

fact 

water 

have 

not 

bee 

hyte  species  do  not  posess  central 
and  water  movement  is  primarily  via 
spaces  between  the  leaves  and  along  the 
Magdefrau  1935,  Anderson  and  Bordeau 
.  In  most  species,  however,  the  relative 
r  from  the  atmosphere  (rain,  snow,  fog, 
the  substrate,  and  the  effects  of  other 
ors  in  regulating  rate  of  gain  or  loss  of 
n  studied. 


be 


Rates  of  loss 
critical  in  con 


and  frequency  of  wetting  and  drying  can 
trolling  moss  growth  and  distribution. 
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Rate  of  water  loss  from  indivi 
that  from  a  free  water  surface 
bryophytes  inevitably  lose  wat 
atmosphere  (Tennant  1953;  Tall 
Proctor  1971) .  Rate  of  water 
modified  by  the  morphology  of 
growth  fcrra  of  the  moss  (Talli 
A  close  correlation  between  gr 
frequently  noted  (Gimingham  an 
1953,  Seim  et  al.  1955),  and  s 
identify  some  of  the  parameter 
Birse  1957;  Birse  1957,  1958a, 

1959).  Understanding  of  cause 
however,  requires  the  integrat 
physiological  studies  and  fiel 
few  studies  of  this  type  have 
Forman  1 964) . 

The  growing  region  of  the 
not  protected  from  water  loss 
structures  are  present,  is  sub 
water  supply  is  interrupted, 
morphology  have  a  negligible  e 
loss  and  any  resistance  to  des 
in  the  cytoplasm  (Patterson  19 
Dilks  and  Proctor  1975) .  Diff 


dual  stems  is  comparable  to 

(Barkman  1958,  p.81)  ,  and 
er,  except  in  a  saturated 
is  1959,  1964;  Hinshiri  and 

less,  however,  can  be  greatly 
the  moss  canopy,  i.e.  the 
s  1959,  Hosokawa  et  al.  1964) . 
owth  form  and  habitat  has  been 
d  Robertson  1950,  Hamilton 
ome  studies  have  attempted  to 
s  involved  (Gimingham  and 
b;  Gimingham  and  Brynard 

and  effect  relationships, 
icn  of  laboratory 
d  experimental  work  and  very 
been  done  (see,  however, 

moss  at  the  canopy  surface  is 
and,  since  no  water  conserving 
ject  to  desiccation  if  the 
Differences  in  apical 
ffect  on  resistance  to  water 
iccation  stress  is  exhibited 
64,  Lee  and  Stewart  1971, 
er ences  in  tolerance  to  and 


recovery  from  desiccation  would  therefore  be  expected  to 
significantly  influence  the  growth  rates  and  habitat  limits 
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of  the  moss  species. 

Other  environmental  factors  such  as  radiation, 
temperature,  evaporation  stress  and  wind  are  also  important, 
along  with  factors  such  as  carbon  dioxide  concentration, 
nutrient  balance,  grazing  and  species  reproduction, 
dispersal  and  esta 1 lishment  (see  Barkman  1958,  p. 171). 

Solar  radiation  has  a  number  of  direct  and  indirect 
effects  on  mosses,  providing  not  only  energy  for 
photosynthesis  but  also  for  evaporation  of  water  from  the 
canopies.  High  levels  of  radiation  may  also  have  a  direct 
damaging  effect  on  some  species  (Levitt  1972,  p -  4 5 1 )  - 
Temperature  influences  rates  of  metabolic  processes  and 
evaporation  rates  and  evaporation  stress,  precipitation,  ana 
wind  also  influence  the  species*  water  status. 

This  study  was  designed  to  investigate  the  effect  of 
physical  environmental  parameters  on  the  water  relations, 
growth  rates  and  relative  distributions  of  two  boreal  forest 
moss  communities.  The  influence  of  ether  parameters  such  as 
chemical  (CO^ ,  nutrients)  and  ''biotic  (grazing,  reproduction, 
etc.)  factors,  though  likely  to  be  important  in  various 
aspects  of  the  ecology  of  the  species  concerned,  were 
considered  beyond  the  scope  of  this  project  and  were  not 
in  vestigat ed. 

The  study  was  confined  to  the  snow-free  season  from  May 
to  October.  This  was  due  not  only  to  logistic 
considerations  but  also  the  fact  that,  although  mosses  may 
be  metabolically  active  during  the  winter  (Tamm  1953,  p.20; 


■ 


. 

' 


5 


Atanasiu  1969,  1971),  evidence  suggests  that  growth  is 
negligible  during  this  season  in  continental  and  polar 
regions  (Tamm  l.c. ;  Longton  and  Greene  1969;  Longton  1970, 
1972b)  and  that  snow  cover  appears  to  have  a  negligible 
effect  on  moss  distribution  (Tamm  1953,  p.105)  . 

The  objective  was  to  select,  and  then  to  compare  and 
contrast,  moss  communities  from  two  different  habitats.  The 
criteria  for  selection  were  that  the  canopies  had  to  be 
robust  (depth  of  living  or  potentially  living  material 
greater  than  5  cm) ,  more  or  less  homogeneous  (either  a 
single  species  or  a  few  species  with  similar  growth  forms)  , 
and  had  to  cover  areas  large  enough  so  that  there  would  he 
no  shortage  of  material  for  sampling  or  manipulation 
experiments. 

The  communities  selected  were  one  consisting  entirely 
of  Tome nthypn urn  ni tens  (Hedw.)  loeske  and  another  consisting 
of  a  mixture  of  h j/locomi um  splendens  (Hedw.)  BSG,  Pleur ozi urn 
schreberi  (Brid.)  Mitt.,  and  Ptiliujn  crista-castrensis 
(Hedw.)  De  Not.  The  last  three  species  are  collectively 
defined  as  ’Feather  mosses’. 

An  additional  feature  of  the  species  selected  is  that 
they  are  all  circumboreal  (Schofield  1969,  Crum  1973)  and 
are  conspicuous  components  of  vegetation  types  which  occupy 
substantial  areas  in  the  boreal  region.  Results  from  this 
study  should,  therefore,  with  appropriate  qualification,  be 
applicable  to  many  of  the  other  areas  where  these  species 


occur. 
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Tomenthy pnum  rite ns  (Plate  la)  is  widely  distributed  in 
boreal  and  arctic  regions  (Schofield  1972;  Crum  1973,  p.282; 
Vitt  and  Hamilton  1975) .  Details  of  the  morphology  can  be 
found  in  Crum  (1973,  pp. 281-282),  but  the  salient  features 
of  interest  in  this  study  are  that  the  stem  and  branch 
leaves  are  numerous  and  closely  spaced  and  numerous  rhizoids 
arise  from  the  bases  of  the  stem  leaves  forming  a  dense 
tomentum*  This  tomentum  is  more  or  less  continuous  from  the 
apex  to  the  base  of  the  stems  and  tends  to  predominate  on 
one  side  (Plate  la,  see  also  Vitt  and  Hamilton  1975).  The 
species  is  rather  robust  and  forms  dense  carpets  in  fens 
throughout  its  range  (e.g.  Katz  1926,  Moss  1955,  Sjors  1961, 
Khodachek  1969,  Holmen  and  Scotter  1971,  Vitt  and  Hamilton 
1975).  Its  habitat,  which  will  be  described  more  fully  in 
subsequent  sections,  is  usually  char act erized  by  a  sparse 
tree  and  shrub  component  and  a  high  water  table.  Its  canopy 
can  be  classified  into  the  growth  form  categories  of  ‘'Tall 
turfs,  divergent  branches  of  limited  growth"  (Gimingham  and 
Birse  1957)  and  "Tall  turfs  (rhizoidal) "  (Birse  1958a). 

These  authors  note  that  mosses  in  these  categories 
characteristically  occupy  habitats  where  they  are  always 
within  reach  of  the  water  table. 

The  Feather  moss  community,  with  some  variation  in  the 
proportions  of  the  component  species,  is  found  throughout 
the  boreal  regions  of  Canada  (Lewis  et  al.  1928,  Moss  1955, 
Ritchie  1956,  Sjors  1961,  Looman  1964,  Jeglum  1973,  Jeglum 
et  al.  1974,  LaRoi  and  Stringer  1976),  northeastern  United 
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Plate  1 


Morphology  of  Tomenthypnum  nitens  and  the  three  Feather  mosses 

a)  Tomenthypnum  nitens  (Hedw.)  Loeske  (x  1.5) 

b)  Hylocomium  splendens  (Hedw.)  BSG  (x  1.3) 

c)  Pleurozium  scnreberi  (Brid.)  Mitt.  (x  2) 


d)  Ptilium  crista-castrensis  (Hedw.)  De  Not.  (x  1) 
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States  (Seim  et  a 1 .  1955,  Buell  and  Niering  1957,  Heinselman 

1963,  Billings  and  Anderson  1966),  Fenno-Scandia  (Tamm  1953, 
Ruuhijarvi  1960)  and  the  Soviet  Union  (Sukachev  1928, 

Abolin*  1974,  Tarkhova  and  Ipatov  1975).  The  species  are 
all  included  in  the  “Weft"  growth  form  category,  the 
characteristic  features  of  which  are  "Shoots  long, 
straggling,  generally  robust,  rhizoids  usually  sparse, 
laterals  often  arched  or  ascending.  A  loose  inter-twining 
of  straggling  shoots  and  branches"  (Gimingham  and  Birse 
1957).  Moss  with  the  weft  growth  form  characteristically 
occupy  shady  and/or  humid  habitats  (ibid.). 

splendens  (Plate  1b)  has  a  wide  geographical 
distribution  and  occurs  in  a  variety  of  habitats  including 
alpine,  subalpine,  boreal  and  arctic  vegetation  (Billings 
and  Drew  1938;  Tamm  1953;  Khodachek  1969;  Holmen  and  Scotter 
1971;  Crum  1973) .  Crum  (1973,  pp. 342-343)  contains 
distributional  data  and  a  morphological  description  of  the 
species,  the  features  of  interest  in  this  study  being  "Stems 
stiff  and  wiry,  regularly  2-3-pinnate  in  horizontal  fronds 
in  a  step-wise  arrangement,  each  frond  produced  by  an  arched 
and  ascending,  stoloniform  innovation  arising  from  the 
middle  of  the  previous  year's  growth."  This  feature  of 
annual  growth  increments  was  used  by  Tamm  (1953)  to  examine 
the  seasonal  growth  of  this  species  and  to  relate  growth  to 
light  and  nutrient  status. 

Plsuroz ium  schreberi  (Plate  1c)  has  a  more  restricted 
geographical  range  in  North  America  than  H.  splendens  and 
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communities  in  western  Alberta 
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II.  STUDY  AREA  AND  ENVIRONMENT 


1.  Location  of  Study  Area 

The  field  study  site  is  located  in  west-central  Alberta 
at  116°36'W  53°29'N,  the  full  legal  description  being  the 
northern  half  of  Legal  Subdivision  (LSD)  5  and  the  southern 
half  of  LSD  12/  Section  16,  Township  52,  Range  18,  West  5th 
Meridian  (Fig .  1)  . 

The  site  is  a  small  mire  which  has  developed  at  the 
head  of  a  catchment  and  which  is  bordered  by  forest  on  the 
north,  west  and  south  sides.  The  mire  drains  to  the  east, 
via  another  mire,  into  the  McLeod  River  (Fig.  1) .  Access  to 
the  area  is  by  a  read  along  a  ridge  on  the  north  side. 

The  study  area  is  delimited  tc  the  north,  west  and 
south  by  the  catchment  boundaries,  and  to  the  east  by  the 
boundary  between  LSD's  5  and  12  and  LSD's  6  and  11  (Fig.  2). 


2.  Vegetation 

The  vegetation  of  the  mire  and  its  catchment  was 
subdivided  into  community  types  on  the  basis  of  vegetation 
structure  and  floristic  composition.  Within  the  7.1  ha 
region  12  community  types  were  subjectively  distinguished, 
and  a  list  of  the  common  species  with  their  cover-abundance 
values  (Br aun-Blanguet  1964)  was  made  for  each  (Appendix  I) . 
Voucher  specimens  were  collected  and  are  deposited  in  the 


12 


$.  '  j  ■  $  \  i<  &  ■  1 1  ipil  I 


. 

I 


13 


Figure  1.  Location  of  study  site  15  km  s.w.  of  Edson,  in  west-central  Alberta,  Canada. 
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University  of  Alberta  Herbarium  (A1TA) . 

The  mire  itself  (veg.  type  C  in  Fig.  2  and  Appendix  I) 
occupies  about  3.4  ha  and  consists  of  scattered  trees  with 
an  understory  of  shrubs  and  herbs  and  an  almost  complete 
bryophyte  cover  (Plate  2a) .  The  tree  crown  cover  was 
estimated  to  he  abcut  10%/  consisting  entirely  of  Lari x 
laricina 1  (height  2  to  6  m)  and  Picea  maria na  (2  to  5  m). 
Taller  specimens  cf  P.  mariana  (up  to  12  m)  occur  on  small 
islands  of  elevated  ground  in  the  fen,  the  largest  of  which 
are  shown  in  Fig.  2.  The  shrub  layer  is  dominated  by  Be  tula 
pumila  var.  gland ulif era ,  with  a  cover  of  about  20%,  the 
herb  layer  by  Kenyan thes  trif oliata  and  various  species  of 
Ca rex,  and  the  bryophyte  layer  by  Tomenthy pnum  nit e ns. 

An  area  of  about  0.36  ha  in  the  south-eastern  region  of 
the  mire  shows  a  distinct  patterning  (Fig.  2) .  The  pattern 
consists  of  parallel  ridges  and  depressions  oriented  in  a 
north-south  direction,  perpendicular  to  the  direction  of 
water  movement.  The  ridges,  or  ’'strings1’  (veg.  type  B)  ,  are 
1  to  2  m  wide  and  support  small  Larix  laricina  (1  to  3  m) 
and  occasional  Picea  mariana  (0.5  to  1  m) ,  an  understory 
which  includes  Be  tula  pumila  var.  glan  dulifera ,  and  a 
complete  ground  cover  of  Tomen thypnum  nitens  (cf.  Lewis  et 
al.  1928) . 

The  depressions,  or  "flarks"  (veg.  type  A) ,  are  2  to 
3  m  wide  and  contain  standing  water  throughout  the  summer. 


Unless  otherwise  indicated,  nomenclature  for  vascular 
plants  follows  Moss  (1959),  that  for  mosses  follows  Crum  et 
al.  (1973),  and  for  lichens.  Hale  and  Culberson  (1970). 
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Plate  2 


Study  area  and  meteorological  sites; 

a)  Fen  vegetation  in  study  area.  Trees  are  Picea  mariana  (foreground) 
and  Larix  laricina,  shrubs  are  Betula  pumila  var.  glandulif era . 

b)  Tomenthypnum  meteorological  site.  Recording  rain  gauge  left 
foreground,  evaporation  gauge  right  foreground,  anemometers  centre, 
actinograph  and  hygro thermograph  (in  shelter)  background. 

c)  Feather  moss  meteorological  site.  Trees  are  Picea  mariana,  shrubs 
are  mostly  Lonicera  involucrata .  Hygro thermo graph  (in  shelter) 
left  foreground,  rain  gauges  and  anemometer  left  centre,  actinograph 
centre,  soil  temperature  recorder  right  foreground. 


IS 


19 


The  vegetation  includes  Care x  spp.,  Men^anthes  trifoliata, 
UJtricularia  intermedia ,  Droser  a  anqlica ,  Drepanocladus 
revolvers  and  scor pidi um  turgescens. 

This  mire  complex  can  be  considered  a  "rich  fen"  (Sjors 
1961) ,  a  "graminoid-rich  treed  fen"  (Jeglum  et  al.  1974),  or 
a  "transitional  wocded  mire"  ( H.  Trass,  pers.  comm.  1975) , 
and  will  be  subsequently  referred  to  as  a  fen.  Similar 
vegetation  in  Canada  has  been  reported  for  Alberta  by  Moss 
(1955),  the  Northwest  Territories,  near  the  Alberta  border, 
by  Talbot  (1975,  cited  in  Vitt  and  Hamilton  1975),  Northern 
Ontario  (Sjors  1961),  and  the  west  shore  of  Hudson  Eay  by 
Ritchie  (1960),  Sjors  (1963)  and  Ahti  and  Hepburn  (1967). 

The  vegetation  resembles  the  "Sphagnum  warnstorf ianu  m  - 
Braunmoore"  described  by  Ruuhijarvi  (1960)  as  part  of  the 
Aapamire  complex  of  central  and  northern  Finland  (see  also 
Moore  and  Bellamy  1974,  pp. 25-27).  It  also  appears  to 
correspond  to  the  "Bryaleti"  and  "Cariceto-bry alet i"  sub- 
types  of  the  " Eryalo-parvocaricioni"  peat  types  described  by 
Tolpa  et  al.  (1967,  cited  in  Moore  and  Bellamy  1974,  p.65) 
in  the  central  European  lowlands  and  a  component  of 
" Niedermoor "  in  central  Russia  (Katz  1926). 

Patterns  of  strings  and  flarks,  on  various  scales,  are 
characteristic  of  this  fen  type  (Heinselman  1963,  Sjors 
1963),  and  the  vegetation  of  the  strings  and  flarks  at  the 
study  site  is  very  similar  to  that  described  for  northern 
Ontario  by  Sjors  (l.c.  ). 

An  additional  feature  of  this  fen  type  is  the  scattered 
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occurrence  of  Pice  a  mariana  islands.  The  mechanisms 
controlling  the  origin,  development,  and  maintenance  of 
these  islands  are  not  known  (Heinselman  1963,  Sjors  1963). 

At  the  study  site  the  islands  {veg.  type  D)  support  a 
mixture  of  fen  and  forest  vegetation  under  the  P.  mariana 
canopy.  Species  such  as  Ledum  qr oenlandicum ,  Vacciniu  m 
vitis-idaea  var.  minus,  Cladina  r anqif erina,  C ladina  mitis , 
Ullocomium  sple nde  ns  and  Pleur ozium  sc  hreberi  occur  on  the 
more  elevated  regions,  with  Aulacomnium  pa  lust  re  and  various 
other  fen  species  occurring  on  the  slopes.  Sp  haqnu m 
warnst orf ii  predominates  on  the  north  sides  between  the 
islands  and  the  fen. 

On  the  south  side  of  the  fen  there  is  a  transition  zone 
dominated  by  Sphagnum  warnstorf  ii  ,  S.  angust  if  ol_iu  m  (Russ.) 
C.  Jens,  and  S.  fuse  urn  grading  into  a  Picea  mariana  - 
Feather  moss  forest  (cf.  Lewis  et  al.  1928,  Fig.  2).  The 
Sghagnum  zone  varies  in  width  from  3  to  4  m  in  the  southeast 
cf  the  fen  to  about  15  m  in  the  southwest.  The  forest  (veg. 
type  F)  occupies  a  more  or  less  flat  area  of  about  1.1  ha 
and  consists  of  a  tree  canopy  of  Picea  mariana  {height  20  m, 
crown  cover  80%) ,  with  an  understory  dominated  by  Ledum 

en  1  a n dicu m ,  Eg.uiset_um  sy lva ticu m,  P le uroziu m  sch reberi , 

Hy  loco  mill  m  splendens  and  Pt  i  li  u  m  crista-castrensis. 

Isolated  stems  of  Tomenthypnum  nit ens  occur  in  the  wetter 
areas  and  small  patches  of  Aulacomnium  pal ustr e  are  also 
present. 

This  forest  type  has  a  wide  distribution  across  North 
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America  (LaRoi  and  Stringer  1976)  and  can  be  clearly 
identified  in  vegetation  studies  from  elsewhere  in  Alberta 
(Lewis  et  al.  1928,  Moss  1955)  and  in  Saskatchewan  (Looman 
1964,  Jeglum  1973),  Manitoba  (Ritchie  1956),  Ontario  (Sjors 
1961,  Jeglum  et  al.  1974),  and  Minnesota  (Heinselman  1963). 
This  vegetation  also  appears  to  correspond  to  the  "Gemeine 
Bruch walder"  in  Finland  (Ruuhijarvi  1960),  to  the  "Pineti" 
sub-type  of  the  "L edo- pinioni"  peat  type  in  central  Europe 
(Tolpa  et  al.  1967,  cited  in  Moore  and  Bellamy  1974,  p.67), 
and  to  the  Piceeta  h  ylocomiosa  in  north  and  northwest  Russia 
(S  ukache  v  1928). 

On  the  north  and  northeast  sides  of  the  mire  the  fen 
species  are  replaced  by  forest  species  across  a  narrow  zone 
at  the  base  of  the  sand  ridge  which  forms  the  northern 
boundary  of  the  catchment.  There  is  no  well-developed 
Sphagnum  zone  but  there  is  a  greater  predominance  of  Larix 
laricina  and  species  of  Salix  compared  with  the  fen's 
southern  boundary.  Part  of  this  northern  boundary  forest 
(veg.  type  G)  is  very  similar  tc  the  forest  on  the  south 
side  except  that  Eguisetum  pr a tense  and  E.  f luv iatile 
replace  E.  svlvaticum .  The  remaining  northern  boundary 
forest  (veg.  type  E)  is  a  mixture  of  fen  and  forest  species. 
The  tree  canopy  consists  of  Picea  mari ana  along  with  Larix 
laricina  and  Pin us  con tort a  var.  latif olia .  Alnus  crispa 
and  Salix  species  including  S.  Candida,  S.  myr tillif olia  and 
S.  h^bbiana  form  a  conspicuous  shrub  layer,  and  the  herb 
layer  is  very  diverse,  conspicuous  species  being  Eg uise turn 
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-QUilt ense  and  Carex  aquat ilis.  The  moss  layer  consists 
mainly  of  Tomenthy pnum  nitens,  Sphagnum  nemoreum  Scop.,  and 
the  three  Feather  iross  species. 

A  road  occupies  the  crest  of  the  ridge  on  the  north 
boundary  of  the  study  area,  but  the  ridge  delimiting  the 
northeastern  boundary  has  not  been  disturbed.  The 
vegetation  on  this  ridge  (veg.  type  K)  is  well  developed, 
with  a  tree  canopy  of  Picea  mariana,  Populus  tremuloid.es, 
and  Pin us  contort a  var.  lata folia  having  a  total  crown  cover 
of  about  50%.  Ain us  crista  (cover  60%)  and  Shep  her  dia 
canadensis  are  conspicuous  in  the  shrub  layer  and  the  herb 
and  moss  layers  are  also  well  developed.  Pleuroziu m 
schr eber i  and  Hylo  comiuro  splen dens  have  high  cover  values 
but  Ptilium  crista-castrensis  was  not  recorded. 

The  vegetation  on  the  south- facing  slope  of  this  ridge 
(veg.  type  J)  is  rather  open  with  scattered  individuals  of 
Pin us  contort a  var.  lat ifolia ,  Picea  mariana,  and  Popul us 
tremuloides.  The  understory  vegetation  has  a  rather  xeric 
appearance  with  few  tall  shrubs  and  a  herb  and  dwarf  shrub 
cover  consisting  mainly  of  Arc tost aphylos  uva-ursi, 

Vaccinium  vitis-idaea  var-  minus ,  and  Geocaulon  lividum. 
Mll^comium  splendens,  Pleurozi um  schreberi ,  and  Die  ran um 
^ftLysetum  are  restricted  to  the  lower  part  of  the  slope  near 
the  trees  bordering  the  fen  (veg.  type  G) . 

The  north-facing  slope  of  the  ridge  delimiting  the 
southern  catchment  boundary  has  a  more  luxuriant  plant 
community  (veg.  type  H)  than  the  south-facing  slope 
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described  above.  Ihe  tree  species  are  the  same,  with  the 
addition  of  P  cpulu  s  balsam if era ,  but  have  a  higher  cover, 
and  the  shrub  layer  of  Ledum  g  r gen land icum ,  and  moss  layer 
of  H_y locomi urn  sjolendens,  Pleur oziu  m  schreberi ,  and  Pt ilium 
ccista-castrensis  are  very  well-developed. 

The  crest  of  this  southern  boundary  ridge  supports  a 
rather  xeric  plant  community  (veg.  type  L)  which  is  similar 
to  that  of  the  south-facing  slope  (veg.  type  J)  described 
above.  The  ridge  crest  vegetation,  however,  has  a  higher 
species  richness  and  a  better  developed  tree  and  shrub 
component. 

The  hill  which  forms  the  western  boundary  of  the 
catchment  supports  a  well-developed  Populus  tremuloides 
forest  (veg-  type  tf) .  Conspicuous  species  include  A In us 
crispa  and  A ralia  nudicaulis;  the  over-all  species  richness 
is  high. 
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3-  Climate 

a)  Macroclimate 

The  climate  of  the  area  can  be  described  as  Boreal 
Cold-te mper ate  and  meteorological  data  recorded  by 
Environment  Canada  at  Edson  (see  Fig.  1  for  location)  have 
been  condensed  into  a  climate  diagram  (Walter  and  Lieth 
1960)  (Fig.  3).  The  area  experiences  long,  cold  winters 
with  moderate  amounts  of  snow,  and  warm,  humid  summers  with 
a  frost-free  season  of  about  60  days  (The  National  Atlas  of 
Canada  1974)  and  no  substantial  arid  periods  at  any  time. 

This  investigation  was  confined  to  the  snow-free  period 
from  May  through  October,  and  various  environmental 
parameters  were  measured  during  this  time  in  1974  and  1975. 

b)  Location  of  Meteorological  Sites 

Environmental  measurements  were  made  at  sites  which 
were  representative  of  Tomen thypnum  and  Feather  moss 
habitats.  The  Tom ent hy  pnum  site  was  located  in  an  area  free 
of,  but  more  or  less  surrounded  by,  trees  of  Picea  mariana 
and  Larix  lar icina,  and  having  a  ground  cover  of 

ni tens  greater  than  90%  (Plate  2b  and  site  1, 
veg.  type  C,  Fig.  2) .  The  Feather  moss  site  was  situated 
under  a  dense  canopy  of  Pice. a  mariana  near  the  middle  of  the 
north-facing  slope  of  a  sand  ridge  some  3  to  4  m  in  height 
(Plate  2c  and  site  2,  veg.  type  F,  Fig.  2).  Combined  cover 
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E  D  SO  N,  ALB  E  R  T  A  (910m) 


1  *7  °C  5  5  4  mm 


Figure  3 

Climate  diagram  for  Edson,  Alberta,  after  Walter  and 
Lieth  (1960).  Mean  annual  temperature  1.7°C;  total 
annual  precipitation  554  mm;  upper  line  is  monthly 
precipitation;  lower  line  is  mean  monthly  temper¬ 
ature;  frost-free  days  (minimum  temperature  > 0  C) ,  60; 
solid  bar  is  months  with  mean  minimum  temperature 
< 0  C;  diagonally  hatched  bar  is  months  with  ab¬ 
solute  minimum  temperature  <0°C.  Temperatures  on  left 
(in  ascending  order) ;  absolute  minimum,  mean  minimum 
coldest  month,  mean  diurnal  temperature  range,  mean 
maximum  warmest  month,  absolute  maximum. 
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of  the  three  Feather  moss  species  was  greater  than  95%. 


c)  Methods  and  Results 


Radiation 

Global  short-wave  radiation  was  measured  at  the 
Tomenthy pnum  site  with  a  Belfort  bi-metallic  actinograph 
from  5  June  to  12  September  1974,  and  from  1  May  to 
1  November  1975.  The  objective  was  to  measure  seasonal 
trends  in  total  daily  short-wave  radiation  reaching  a  stand 
of  Tomenthy pnum  ni tens.  Radiation  was  recorded  continuously 
in  units  of  cal  cm~2  min”1,  the  instrument  being  calibrated 
against  a  Kipp  and  Zonen  Pyr anometer  which,  in  turn,  had 
been  calibrated  in  May  1975  by  the  National  Atmospheric 
Radiation  Centre,  Ottawa. 

Hourly  readings  of  radiation  were  taken  from  the  charts 
(the  tracings  being  averaged  by  eye  to  obtain  a  mean  value 
for  each  hour) ,  multiplied  by  60  to  obtain  total  cal  cm-2 
for  each  hour,  and  summed  over  24  hr  to  obtain  the  total 
daily  radiation.  These  totals  were  averaged  for  five-day 
periods  and  are  presented  in  Fig.  4. 

The  radiation  totals  are  somewhat  less  than  would  be 
expected  for  a  horizontal  surface  in  the  open  because  of 
radiation  interception  by  trees  surrounding  the  Tomenthy  pnum 
site,  particularly  in  the  early  morning  and  late  afternoon. 
This  effect  can  be  seen  in  the  0900  and  1800  hr  values  of 
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the  radiation  curve  for  15  to  24  June  1975  in  Fig.  5. 

The  measurements  for  1974,  which  did  not  extend  over 
the  whole  season,  were  supplemented  by  data  recorded  by 
Environment  Canada  at  Eason  (Environment  Canada  1974). 
Radiation  is  measured  at  this  station  by  a  Campbell-Stokes 
Sunshine  Recorder  which  measures  “units  of  bright  sunshine", 
each  unit  being  "sunshine  intense  enough  to  scorch  or  burn  a 
standard  card  upon  which  the  rays  cf  the  sun  have  been 
concentrated  by  a  glass  sphere"  (Environment  Canada  1974). 
The  correlation  coefficient  between  94  daily  radiation 
totals  from  the  field  site  and  the  equivalent  "bright 
sunshine"  records  from  Edson  was  0.86  (p<0.001).  The 
sunshine  records  (X)  were  converted  to  cal  cm-2  day1  (Y)  by 
the  equation: 

Y  =  2.47  X  +  133 

(which  accounted  for  73%  of  the  variance).  Converted 
sunshine  data  are  a  close  approximation  to  the  actinograph 
data,  the  average  difference  between  equivalent  readings 
being  11%.  The  converted  Edson  records  were  therefore  used 
to  supplement  the  1974  data. 

The  data  recorded  by  Environment  Canada  also  included 
long-term  monthly  means  for  the  years  1941  to  1970.  These 
were  also  converted  by  the  above  eguation  and  are  shown  in 
Fig.  4  which  indicates  the  relationship  of  solar  radiation 
in  1974  and  1975  to  these  long-term  averages. 

A  major  problem  in  using  converted  sunshine  data  is 
that  the  correlation  between  sunshine  units  and  cal  cm~2 
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Figure  5.  Mean  hourly  global  short-wave  radiation  for  ten  day  periods  in  1975. 

+  =  Tomenthypnum  site  15-24  June;  ♦=  Tome'nthypnum  site  8-17  October; 
O  =  Feather  moss  site  15-24  June. 


decreases  at  low  radiation  levels 
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day-1  decreases  at  low  radiation  levels  to  the  point  where  a 
value  of  zero  units  cannot  be  converted  since  the  cal  cm-2 
day-1  value  could  be  anywhere  between  0  and  133.  This 
factor  is  obviously  important  on  cloudy  days,  particularly 
late  in  the  season.  Other  problems  include  the  difference 
in  cloud  cover  between  Edson  and  the  study  area  and 
interception  of  some  of  the  radiation  at  the  study  site  by 
surrounding  trees,  particularly  late  in  the  season  when  the 
sun  angle  is  low.  As  a  consequence  of  this  last  factor,  the 
radiation  estimates  for  September  and  October  (both  the 
long-term  averages  and  the  1974  values)  are  probably  a 
little  high. 

Similar  radiation  measurements  were  made  at  the  Feather 
moss  site.  Comparison  of  19  weeks  of  readings  from  1974  and 
16  weeks  of  readings  from  1975  showed  that  the  amount  of 
short-wave  radiation  reaching  the  Feather  moss  carpet  was 
20±0.4%  (mean±s.e.)  of  that  recorded  at  the  To  men th  y rnum 
site-  At  six  other  Picea  mariana  -  Feather  moss  stands  in 


which  radiation  measurements  were  taken  over  seven  day 
periods,  the  mean  total  radiation  was  185b  (range  17  to  21%) 
of  the  equivalent  values  at  the  Tomenthy pnum  site.  These 
values  compare  with  14%  reported  for  conifer-Feather  moss 
forest  by  Buell  and  Niering  (1  957),  and  4-40%  reported  for 
spruce  forest  by  Geiger  (1966,  p.301)  .  It  is  therefore 
apparent  that  the  tree  canopy  intercepts  more  than  80%  of 
the  incoming  short-wave  radiation. 

The  Feather  mess  species,  however,  are  not  restricted 
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to  P.  mar iana  stands.  On  the 
three  species  occur  in  a  more 
radiation  measurements  in  diff 
habitat  showed  radiation  total 
at  the  Tomenthy  pnu  m  site  for  t 
Diurnal  patterns  of  radia 
Feather  moss  sites  during  diff 
examined.  The  greatest  season 
expected  between  mid-summer,  w 
and  the  end  of  the  season,  whe 
In  order  to  obtain  representat 
periods  two  ten-day  intervals 
for  15  to  24  June  approximated 
(Fig.  4) ,  while  the  totals  for 
probably  below  seasonal  averag 
to  the  problems  discussed  prev 
representative  of  the  month  as 
values  for  the  Tomenthypnum  si 
periods  were  averaged  (Fig.  5) 
the  June  curve  at  mid-day  is  p 
cloud.  Field  observations  .ind 
dawn  to  1000  or  1100  hr  is  gen 
formation  begins  after  this  ti 
continues  into  the  afternoon, 
in  Fig.  5  is  0.72  cal  cm-2  min 
1.25  cal  cm-2  min-1  were  recor 
cloudless  days.  The  October  c 


north  side  of  the  fen  the 
open  habitat.  Three  weeks  of 
erent.  locations  in  this 
s  of  34,  58  and  65%  of  those 
he  same  periods, 
tion  at  the  Tomenthyp num  and 
erent  seasons  were  also 
al  differences  would  be 
hen  the  sun  angle  is  greatest, 
n  the  sun  angle  is  much  lower, 
ive  samples  of  each  of  these 
were  chosen.  Radiation  totals 
long-term  seasonal  averages 
8  to  17  October,  though 
es  (difficult  to  determine  due 
iously) ,  were  at  least 
a  whole.  Hourly  radiation 
te  during  each  of  the  ten-day 
.  The  apparent  truncation  of 
rcbably  due  to  the  presence  of 
icated  that  the  period  from 
erally  clear,  but  cloud 
me  and  cloud  build-up 
The  maximum  radiation  shown 
—  i,  however  values  up  to 
ded  at  around  1300  hr  on 
urve  reflects  both  the  shorter 
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day  length  and  lower  hourly  radiation.  The  lower  hourly 
radiation  is  a  consequence  of  increased  atmospheric  scatter 
and  increased  interception  by  trees  because  of  the  lower  sun 
angle.  These  factors  all  contribute  to  reduce  the  daily 
radiation  totals  of  October  compared  with  June. 

Comparison  of  the  Tomenthypnum  site  with  the  Feather 
moss  site  for  the  June  period  (Fig.  5)  shows  that  the 
radiation  level  of  the  latter  averages  about  15%  of  that  of 
the  former,  being  about  0.1  cal  cr2  min-1.  However  the  sun 
shining  through  gaps  in  the  tree  canopy  provides  greatly 
increased  radiation  values,  an  example  being  the  peak  at 
1500  hr  in  Fig.  5.  These  peaks  may  provide  approximately 
20%  of  the  total  daily  radiation,  a  proportion  which,  of 
course,  varies  with  location,  cloud  cover,  and  time  of  year. 
Feather  moss  mats  receive,  in  October,  approximately  20%  of 
the  radiation  reaching  the  Tomenthypnum  site,  i.e.  there 
does  not  appear  to  be  any  significant  seasonal  change  in  the 
relationshi p. 

Up  to  this  point  the  only  radiation  component  discussed 
has  been  incoming  short-wave  radiation.  Measurements  were 
made  in  July  1974  to  determine  the  relative  contributions  of 
various  radiation  components  to  the  net  radiation  received 
by  the  moss  canopy  at  both  the  Tomenthypnum  and  Feather  moss 
sites.  Downward  short-wave  radiation  was  measured  with  a 
temperature-shielded  Kipp  and  Zonen  Model  CM-5  Pyranometer, 
and  reflected  short-wave  radiation  by  a  similar  instrument 
inverted  and  mounted  at  a  height  of  1  m  above  the  moss 
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canopy.  Both  Pyranometers  were  calibrated  in  May  1975  by 
the  National  Atmospheric  Radiation  Centre,  Ottawa.  Long¬ 
wave  down  was  calculated  from  measurements  made  with  a 
Thornthwaite  Net  Radiometer  mounted  on  a  black-body  cup 
surrounded  by  a  water  bath.  The  temperature  of  the  bath  was 
measured  with  a  co pper-constan tan  thermocouple  connected  to 
a  cold  juncticn  compensator  (Omega  Engineering,  Stamford, 
Conneticut) .  This  temperature  was  then  used  to  calculate 
radiation  incident  on  the  lower  half  of  the  radiometer  by 
the  expression: 


where  £  =  emissivity  (equals  1  for  a  black  body), 

€  =  Stef an-Boltzman  constant  (8.13  x  10~11  cal 
era-2  min"1  °K~4),  and 
T  =  water  bath  temperature  (°K) „ 

Radiation  on  the  upper  half  of  the  radiometer  was  calculated 

by  adding  the  above  value  to  the  radiometer  reading,  and  the 

long-wave  radiation  value  was  obtained  by  subtracting  the 

short-wave  component,  as  measured  by  the  Pyranometer,  from 

this  sum.  Long-wave  up  was  calculated  using  the  moss 

surface  temperature,  measured  by  averaging  the  readings  of 

three  fine  (0.005  inch)  copper-constan tan  thermocouples,  and 

the  expression: 


£  &  T4 


where  emissivity  was  assumed  to  be  0.975  (cf.  Hoffman  and 
Gates  1  970)  and  T  was  the  moss  surface  temperature  (°K)  .  A 
Kahlsico  Net  Radiometer,  mounted  1  m  above  the  moss  canopy, 
was  used  as  a  check  on  the  radiation  totals  obtained  by 
adding  together  the  various  components.  The  radiometers 
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were  calibrated  against  a  Funk  Net  Radiometer  also 
calibrated  by  the  National  Atmospheric  Radiation  Centre. 

Radiation  component  values  were  collected  at  0.5  nr 
intervals  for  a  total  of  12  days  at  each  site,  and  the  data 
condensed  into  4  hr  intervals  to  give  a  "typical"  sunny  July 
day  at  each  site  (Table  1).  The  first  feature  to  note  from 
this  Table  is  that  net  radiation  at  the  canopy  surface  is 
significantly  lower  than  the  incoming  global  short-wave 
radiation.  This  is  due  to  the  fact  that  some  14%  of  the 
incoming  short-wave  is  reflected  and  that  long-wave  up 
exceeds  long-wave  down.  The  values  in  parentheses  at 
1300  hr  in  Table  1  (a)  represent  the  radiation  components 
under  cloudy  conditions.  Naturally,  considerable  variation 
would  be  expected,  depending  on  cloud  type  and  cover,  but 
one  feature  of  this  example  is  that  net  radiation  falls  from 
67%  to  45%  of  the  incoming  short-wave  radiation.  In 
addition  the  energy  input  from  long-wave  radiation  increases 
from  27%  tc  72%  of  the  total  input.  It  is  apparent  that 
information  on  all  radiation  components  is  necessary  if 
further  work  on  the  role  of  net  radiation  in  energy  transfer 
processes  is  contemplated. 

The  values  for  short-wave  down  in  Table  1  (b)  represent 
conditions  in  the  shade.  These  values  are,  of  course, 
greatly  increased  when  the  sun  breaks  through  the  tree 
canopy  (cf.  Fig.  5,  p. 29 ) .  The  lower  values  for  long-wave 
up  at  this  site  during  daylight  are  explained  by  lower 
canopy  temperatures  which  are  a  consequence  of  the  lower 
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Table  1.  Radiation  components  during  a  "typical”  sunny 

July  day .  Values  in  parentheses  represent  cloudy 
conditions.  All  values  are  in  cal  c  m~ 2  min-1. 


Hour 

Short¬ 

wave 

Down 

Short¬ 

wave 

Up 

Long¬ 

wave 

Down 

Long¬ 

wave 

Up 

Net 

Eadra  tion 

(a)  Tomenthypnum 

site 

0100 

0.  00 

0.00 

0.  46 

0.49 

-0.03 

0500 

0.  00 

0.00 

0.44 

0.46 

-0.02 

0900 

0.95 

0.13 

0.  44 

0.  60 

0.66 

1300 

1.  25 
(0.20) 

0.18 

(0.03) 

0.4  7 
(0.  52) 

0.70 
(0. 60) 

0.84 

(0.09) 

1700 

0.  86 

0.  12 

0.50 

0.62 

0.62 

2100 

0.00 

0.00 

0.  48 

0.53 

-0.05 

(b)  Feather  moss 

site 

0100 

0.00 

0.00 

0.  4  9 

0.  50 

-0.01 

0500 

0.  00 

0.00 

0.  4  8 

0.49 

-0.01 

0900 

0.  04 

0.00 

0.52 

0.53 

0.03 

1300 

0.07 

0.01 

0.55 

0.57 

0.04 

1700 

0.04 

0.00 

0.  53 

0.54 

0.03 

2100 

0.  00 

0.00 

0,  51 

0.  51 

0.00 

incoming 

radiation  . 

A  n 

addi tiona 1 

feature  in 

Table  1 

is  the  net 

radiation 

loss 

at 

night.  The 

magnitude 

of  this 

loss,  however,  is 

greater  at  the  Tomenth ypnum  site  than  at  the  more  sheltered 
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Feather  moss  site.  Trees  around  the  Feather  moss  site  have 
a  higher  temperature,  and  therefore  provide  more  long-wave 
energy,  than  the  sky  above  the  Tomenthy  pnu  m  site  (cf.  Geiger 
1966,  p.305).  The  higher  rate  of  energy  loss  of 
To m e n t jn  nit ens  means  that  its  temperature  may  drop 
below  that  of  the  air,  a  feature  which  could  be  significant 
in  dew  formation  (cf.  Barkman  1958,  p.70). 

Air  Temperature 

Air  temperature  was  recorded  at  the  To men  thy pnu m  site, 
in  the  open,  from  5  June  to  12  September  1974,  and  from 
1  May  to  1  November  1975.  The  instrument,  a  Belfort 
Hy grot her mogr aph,  was  calibrated  at  several  different 
temperatures  in  a  controlled  environment  chamber  against  a 
mercury  thermometer.  The  hygr cthermcgraph  was  placed  in  a 
white-painted,  louvered  shelter  to  protect  it  from  solar 
radiation,  and  the  shelter  was  placed  on  the  moss  canopy 
surface  so  that  temperature  could  be  monitored  as  close  as 
practicable  to  the  mess  mat.  Hourly  temperature  values  were 
taken  from  the  charts  and  used  to  calculate  daily  means. 
Daily  mean  temperatures,  daily  maximums  and  daily  minimums 
were  averaged  over  five-day  periods  and  the  values  are 
presented  in  Fig-  6. 

The  measurements  for  1974,  which  did  not  extend  over 
the  whole  season,  were  supplemented  by  data  recorded  at 
standard  height  by  Environment  Canada  at  Edson  (Environment. 
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Figure  6.  Five-day  mean  air  temperatures  at  Tomenthypnum 

site:  &  =  maximum;  +=  mean;  O  =  minimum. 
a  =  30-year  means. 
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Canada  1  974),  The  available  information  consisted  of  daily 
maximum  and  daily  minimum  temperatures,  which  were  averaged 
to  obtain  the  daily  mean.  The  diurnal  temperature 
variation,  however,  is  not  a  regular  sine  curve  so  daily 
means  based  on  maximum  and  minimum  temperatures  are  not 
necessarily  identical  to  those  based  on  hourly  readings.  In 
order  to  supplement  the  field  data  by  data  recorded  at 
Edson,  it  was  necessary  to  establish  the  relationship 
between  mean  temperatures  at  the  two  locations.  Comparison 
of  20  pairs  of  five-day  means  showed  that  the  Edson  means 
(X)  were  related  tc  the  Tome  nth y pn urn  means  (Y)  by  the 
equation : 

Y  =  0.856  X  +  0.7 

which  accounted  for  97%  of  the  variance.  There  was  a  close 
correspondence  between  mean  temperatures  from  the  field  site 
and  the  values  from  Edson  which  had  been  converted  by  this 
equation,  the  average  difference  between  corresponding  pairs 
of  values  being  0„3°C.  Mean  temperatures  from  Edson  were 
therefore  converted  by  this  equation  and  used  to  supplement 
the  1974  field  data  in  Fig.  6. 

A  problem  with  using  the  Edson  records  to  extend  the 
mean  minimum  temperatures  at  the  field  site  was  that  minimum 
temperatures  at  the  Tomenthy pn  urn  site  were  frequently  lower 
than  those  recorded  at  Edson,  sometimes  by  several  degrees. 
This  indicates  that  the  Toment hypnum  site  is  a  cold-air  sink 
(cf.  N0r gaar d  1951,  see  also  Geiger  1966,  p.393). 

Comparison  of  92  pairs  of  daily  minimum  temperatures  for  the 
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field  site  and  Edscn  showed  a  correlation  coefficient  of 
only  0.78,  with  the  average  temperature  difference  being 
2.3°C.  In  many  cases  the  temperature  differences  were  very 
small,  presumably  on  cloudy  and/or  windy  nights.  On  the 
other  hand  differences  as  large  as  7°C  were  noted. 
Differences  in  minimum  temperatures,  which  presumably 
occurred  most  commonly  on  clear,  still  nights,  were  more 
pronounced  on  warmer  nights.  For  example  if  the  minimum 
temperature  at  Edson  was  between  8  and  10°C,  then  the 
minimum  temperature  at  the  field  site  was  commonly  as  much 
as  5.5°C  lower,  whereas  if  the  minimum  temperature  at  Edson 
was  between  0  and  2°C,  then  the  minimum  temperature  at  the 
field  site  was  rarely  more  than  2.5°C  lower.  The 
relationship  between  daily  minimum  temperatures  from  Edson 
(X)  and  the  Tomenthy  pnum  site  (Y)  was  found  to  be: 

Y  =  0.81  X  -  0.9. 

This  equation  accounted  for  only  61%  of  the  variance  due  to 
the  variable  degree  of  cold  air  drainage.  The  equation 
represents  an  “average"  value  for  this  phenomenon  but  it 
seems  reasonable  that  it  would  provide  a  close  approximation 
over  five-day  periods.  It  was  therefore  used  to  convert  the 
Edson  minimum  temperatures  which  were  then  used  to 
supplement  the  1974  field  data. 

On  the  other  hand  comparison  of  the  92  pairs  of  daily 
maximum  temperatures  for  the  field  site  and  Edson  showed  a 
correlation  coefficient  of  0.97,  the  average  difference 
between  equivalent  pairs  of  readings  being  only  0.8°C.  This 
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indicates  that  the  instrument 
screening  the  hy gr cthermograph 
relationship  between  daily  max 
(X)  and  the  Toment hy pnum  site 

Y  =  1.04 
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3  August  1975.  Comparison  of 
showed  an  average  difference  o 
pairs  of  readings,  with  the  To 
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were  much  greater  at  the  open 
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Table  2.  Mean  monthly  temperatures  and  long-term 
averages  at  Tomenthy  pnum  site  (°C)  . 


May 

June 

July 

Aug 

Sept 

Oct 

Edson 

Long-term  Mean 

(1941-1970) 

8.6 

12.3 

14.9 

13.5 

9.1 

3.3 

Study 

i 

Site  -  Predicted 
Long-term  Mean 

8.  1 

11.2 

13.5 

12.3 

8.5 

3.8 

Edson 

J974 

6.6 

12.8 

13.4 

12.0 

8.3 

5.4 

Study 

Site  -  Predicted 

6.3 

11.7 

12.  2 

11.0 

7.8 

5.3 

Study 

Site  -  Recorded 

-■  — 

1  1.5 

12.  1 

11.1 

— 

— 

Edson 

1  975 

7.8 

11.4 

16.  7 

11.0 

10.1 

2.4 

Study 

Site  -  Predicted 

7.4 

10.5 

15.0 

10.1 

9.3 

2.4 

Study 

Site  -  Recorded 

6. 2 

9.7 

15.  1 

10.2 

7.9 

1.2 

sheltered  Feather  iross  site.  Cn  average  the  air  temperature 
at  the  Tomenthy  pnu m  site  was  2.8°C  (maximum  about  4.5°C) 
warmer  during  the  day  and  1.5°C  (maximum  about  3.5°C)  colder 
at  night  than  at  the  Feather  moss  site.  This  reduced 
temperature  amplitude  at  the  forested  site  is  similar  to  the 
4°C  difference  reported  for  spruce  forest  by  Barkman  (1958, 
p . 26)  .  A  ten-day  period  from  25  July  to  3  August  1975  was 
chosen  to  represent  a  period  with  a  mean  temperature 
(13.3°C)  close  to  the  summer  maximum  (see  Fig.  6)  and  hourly 
mean  values  for  this  period  for  both  sites  are  shown  in 
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Fig.  7. 

Maximum  and  minimum  temperatures  at  the  study  site 
generally  occur  at  1600  and  0600  hr  respectively.  The 
ameliorating  effect  of  the  tree  canopy  at  the  Feather  moss 
site  results  in  higher  minimum  temperatures,  the  delayed 
temperature  rise  in  the  morning  tc  a  lower  maximum,  and  a 
more  gradual  temperature  decrease  in  the  evening  due  to  a 
lower  rate  of  energy  loss  through  long-wave  radiation  (see 
also  Geiger  1966,  p.320). 

Rates  of  temperature  change  at  the  Tome  nth  y pnu  m  site 
can  be  quite  rapid.  On  13  September  1975,  for  example, 
temperature  rose  from  -1.5°C  at  0800  to  23°C  at  1400,  a  rise 
of  24.5°C  in  six  hours.  Rates  of  change  of  up  to  6°C  per 
hour  have  also  been  recorded.  Such  rates  may  have  important 
physiological  implications,  particularly  when  increased  by 
solar  radiation. 

The  information  presented  here  should  prove  useful  in 
establishing  controlled  environment  conditions  for  further 
work.  It  should  be  possible  to  use  Fig.  7  in  conjunction 
with  Fig.  6  to  simulate  the  temperature  for  either  T.  ni tens 
or  the  Feather  mosses  at  any  part  of  the  season. 

Moss  Temperature 

Variation  in  air  temperature  at  each  site,  both 
seasonal  and  diurnal,  has  been  outlined  above.  Insight  into 
moss  physiological  processes,  however,  requires  information 
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Figure  7.  Mean  hourly  air  temperatures  for  the  period  25  July  to  3  August  1975.* 
0=  Tomenthypnum  site;  -5- =  Feather  moss  site. 
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on  the  actual  tissue  temperatures  at  these  times.  A  series 
of  measurements  of  temperature  profiles  in  the  air  and  moss 
at  both  sites  were  made  at  30  min  intervals  for  a  total  of 
12  days  in  July  and  early  August  1974.  Air  temperatures 
were  measured  at  25  cm  and  3  cm  above  the  moss  canopy  with 
very  fine  (0.005  inch)  copper-ccnstantan  thermocouples 
connected  through  a  cold  junction  compensator  to  a  millivolt 
recorder.  Canopy  surface  temperatures  and  temperatures  at 
1 ,  2  and  3  cm  below  the  surface  were  measured  by  averaging 
the  readings  from  three  similar  thermocouples,  which  were 
carefully  attached  to  the  moss  stems  by  spring-steel  clips 
(after  Addison  1973)  so  that  the  junctions  were  in  contact 
with  moss  tissue.  Thermocouples  of  this  size  were  used  in 
order  to  reduce  effects  of  solar  radiation  on  the 
measurements.  Radiation  effects  were  assumed  to  be 
negligible  below  3  cm  so  temperature  measurements  at  depths 
of  5  and  10  cm  below  the  canopy  surface  were  made  by 
averaging  the  readings  of  three  coarser  thermocouples 
situated  at  each  level. 

An  ''average"  day  was  selected  for  the  Tomenthy  pnunt  and 
Feather  moss  sites,  and  temperature  profiles  at  three 
selected  times  are  illustrated  in  Figs.  8  and  9 
respectively.  The  day  chosen  to  represent  measurements  at 
the  Tomenthy pnum  site  was  31  July  1974.  The  diurnal 
temperature  range  was  typical  fcr  that  time  of  year  (see 
Fig.  6),  ranging  from  a  morning  low  of  0°C  at  0130,  through 
an  afternoon  maximum  of  23. 4°C  at  1430,  to  a  minimum  evening 
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Figure  8.  Selected  air  and  moss  temperature  profiles 
at  Tomenthypnum  site,  31  July  1974. 

Figure  9.  Selected  air  and  moss  temperature  profiles 
at  Feather-moss  site,  2  August  1974. 


46 


temperature  of  0.3°C  at  2400  hr.  Examination  of  the  profile 
for  0200  hr  in  Fig.  8  shows  that  the  moss  surface 
temperature  was  depressed  below  the  air  temperature.  Net 
radiation  at  the  canopy  surface  at  this  time  was  -0.03  cal 
cm-2  min-1,  so  the  temperature  depression  indicates  a  loss 
of  energy  by  long-wave  radiation.  During  the  day  the 
situation  was  reversed  and,  at  high  net  radiation  levels, 
the  moss  temperature  was  considerably  elevated  above  the  air 
temperature.  This  is  illustrated  by  the  temperature 
elevation  of  about  4°C  at  1000  hr  when  the  net  radiation  at 
the  canopy  surface  was  0.24  cal  cm-2  min-1,  compared  with  an 
elevation  of  13°C  at  1400  hr  when  the  net  radiation  was 
0.88  cal  cr2  min-1.  It  is  apparent  that  the  mosses  are 
subjected  to  rapid  temperature  fluctuations  (cf.  Barkman 
1958,  p.62;  Longton  1970,  1  972a, b,  1974a).  Rates  of  change 
of  up  to  10°C  in  30  min  have  been  recorded,  with  a 
temperature  change  in  one  case  from  -2 . 9° C  at  0630  to  36.8°C 
at  1230  on  1  August  1974,  nearly  40°C  in  six  hours.  The 
highest  canopy  surface  temperature  recorded  during  the 
measurement  period  was  44°C,  but  higher  values  and  more 
extreme  temperature  changes  are  probably  common  (cf. 

NjzSrgaard  1951).  Since  the  growing  point  is  the  stem  apex 
which  is  at  the  canopy  surface,  it  is  clear  that  information 
on  the  effects  of  these  parameters  on  the  physiology  of  the 
moss  is  required. 

Other  points  to  note  in  Fig.  8  are  that  variation  in 
temperature  at  -10  cm  is  less  than  the  variation  in  air 
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temperature,  and  that  there  is  a  mere  or  less  uniform 
gradient  in  moss  temperature  from  the  surface  to  -10  cm  (cf. 
N^rgaard  1951,  Longton  1972b). 

The  day  chosen  to  represent  measurements  at  the  Feather 
moss  site,  2  August  1974,  was  also  typical  for  that  time  of 
year.  Air  temperature  ranged  from  a  morning  low  of  2.4°C  at 
0400,  through  an  afternoon  maximum  of  23.4°C  at  1630,  to  an 
evening  minimum  temperature  of  10.3°C  at  2400  hr.  The  main 
feature  to  be  seen  in  Fig.  9  is  the  shallowness  of  the 
temperature  profiles,  even  during  the  middle  of  the  day- 
Presumably  the  moss  temperature  increases  sharply  if  the 
moss  is  directly  illuminated  by  the  sun,  but  no  measurements 
of  this  were  attempted.  The  temperature  at  -10  cm  again 
shows  less  variation  than  the  air  temperature. 

Moss  temperature  at  a  depth  of  10  cm  was  measured  at 
two  locations  at  the  Tomenth ypnum  site  during  the  entire 
1975  study  period  using  a  Moeller  Distance  Recording 
Thermograph  which  had  been  calibrated  against  a  mercury 
thermometer.  Five-day  mean  temperatures  were  calculated  for 
each  of  the  probes  and  the  average  values  are  illustrated, 
along  with  the  mean  air  temperatures  for  1975,  in  Fig.  10. 
Significant  features  are  that  the  mean  -10  cm  temperature 
track  the  mean  air  temperature  quite  closely,  but  the  -10  cm 
means  do  not  reach  the  same  values  as  the  mean  air 
temperature  until  late  August  (cf.  Eeinselman  1963). 
Temperatures  were  also  measured  at  the  -10  cm  level  at  the 
Feather  moss  site  by  a  second  Moeller  Thermograph  from  1  May 
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Figure  10.  Five-day  mean  temperatures  at  Tomenthypnum  site  in  1975: 

+  =  air  temperature  at  5  cm;  0=  temperature  10  cm  below  moss 
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to  3  August  1975.  The  data  from  this  site  showed  a  pattern 
very  similar  to  that  at  the  Tomen thygnum  site.  The 


temperature  at  -10  cm  was  lowe 
much  of  the  season.  The  mean 
exceeded  10°C  only  during  July 
during  most  of  May  and  October 
-10  cm  was  less  than  10°C.  Th 
significant  implications  for  d 
of  peat  accumulation  (cf.  Weet 

Air  Humidity  and  Evaporat 

Relative  humidity  was  mea 
from  1  May  to  1  November  1975, 
from  1  May  to  3  August  1975. 
the  Belfort  Hy grot hermographs 
sensors  had  been  calibrated  ag 
a  controlled  environment  chamb 
checked  weekly  in  the  field  us 
the  same  height  as  the  sensor, 
hy grothermograph  and  the  sling 
relative  humidity  units  (%)  . 

Maximum  daily  relative  hu 
Tomenthypnum  site  with  minimum 
Relative  humidities  at  the  Fea 
and  49%  respectively..  No  seas 
humidity  could  be  discerned. 


r  than  the  air  temperature  for 
soil  temperature  at  -10  cm 
and  part  of  August,  and 
the  maximum  temperature  at 
is  would  be  expected  to  have 
ecomposition  rates  and  rates 
man  and  Timmer  1967). 

icn  Stress 

sured  at  the  Toment hy pnum  site 
and  at  the  Feather  moss  site 
Measurements  were  recorded  by 
described  above.  The  humidity 
ainst  a  sling  psychr omet er  in 
er  and  this  calibration  was 
ing  a  sling  psychrometer  at 
The  agreement  between  the 
psychrometer  averaged  5 

midities  averaged  83%  at  the 
values  averaging  45%. 
ther  moss  site  averaged  80% 
cnal  trends  in  relative 
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Relative  humidity  values,  per  se,  are  not  particularly 
useful  indicators  of  evaporation  stress  (Barkman  1958, 
p -  6 9 )  -  A  more  appropriate  estimate  of  this  parameter  is  the 
saturation  deficit  or  water  vapour  deficit,  which  is  the 
difference  in  vapour  pressure  between  the  actual  vapour 
pressure  and  the  saturation  vapcur  pressure  at  the  same 
temperature.  Vapour  pressure  deficits  were  therefore 
calculated  for  every  hour  during  the  measurement  period  for 
each  site,  and  these  hourly  values  were  averaged  for  five- 
day  periods.  These  mean  values  were  then  averaged  for  4 
six-hour  periods  and  the  seasonal  trends  at  the  Toment  hyjpnum 
site  in  two  of  these  periods,  viz  0100  to  0600  hr  and  1300 
to  1800  hr,  are  illustrated  in  Tig.  11.  The  values  for  0700 
to  1200  hr  and  1900  to  2400  hr  were  intermediate  between  the 
others  and  are  not  shown.  Examination  of  Fig-  11  shows  that 
there  is  considerable  seasonal  variation  in  water  vapour 
deficit  during  the  hours  1300  to  1800.  On  the  other  hand 
the  values  for  the  hours  0100  to  0600  show  little  seasonal 
change.  Mean  water  vapour  deficits  from  1300  to  1800  hr  at 
the  Feather  moss  site  averaged  80±3%  (mean±s.e.)  of  those  at 
the  Tome  nth ypnum  site.  Site  differences  can  be  attributed 
to  air  temperature  differences. 

Water  vapour  deficit  is,  however,  only  one  component  of 
evaporation  stress,  the  other  major  components  being  solar 
radiation  and  wind.  Seasonal  trends  in  evaporation  stress 
are  best  established,  therefore,  by  measuring  evaporation 
directly.  This  was  done  at  the  Tomenthy pnum  site  from  mid- 
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June  to  late  October  using  an  "Evaporation  Gage"  (Model  E- 
801/  Weather  Measure  Corp.  ,  Sacramento,  California).  This 
instrument  measures  water  loss  from  filter  paper  (Whatman 
No.  2)  and  was  calibrated  in  the  laboratory  to  measure 
evaporation  in  units  of  mm  water  per  unit  time.  Daily 
evaporation  totals  were  calculated  and  averaged  over  half¬ 
month  intervals  (Fig.  12).  Finer  resolution  of  the  data  was 
not  possible  because  rainfall  frequently  forced  the 
instrument  off  scale  and  many  daily  totals  were  lost  as  a 
result.  A  comparison  of  Figs.  11  and  12  shows  a  close 
relationship  between  measured  evaporation  and  water  vapour 
deficit.  The  apparent  exception  in  mid  to  late  September 
will  be  discussed  below. 

Evaporation  at  the  Feather  moss  site  was  measured  by  a 
second  Evaporation  Gage.  Daily  evaporation  rates  averaged 
57%  of  those  recorded  at  the  Tomenthy pnum  site. 

Measurements  made  at  other  sites  where  Feather  mosses  were 
predominant  showed  similar  proportions.  The  evaporation 
rates  in  the  forest  compared  with  the  open  are  higher  than 
the  20-30%  reported  by  Birse  (1958b)  for  deciduous  forest 
and  the  27-52%  range  for  forests  reported  by  Barkman  (1958, 
p.25).  This  may  be  a  consequence  of  higher  water  vapour 
deficits  than  in  the  maritime  climates  of  the  regions 
studied  by  Birse  and  Barkman,  or  the  absence  of  a 
significant  shrub  layer  which  allows  greater  air  circulation 
(cf.  Potzger  1939;  Barkman  1958,  p-25). 

The  nature  of  the  differences  in  evaporation  rates 
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Figure  12.  Mean  daily  evaporation  at  Tomenthypnuin  site  in  1975.  Data 
represent  water  loss  from  Whatman  No.  2  filter  paper. 
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between  the  Tomenthypnum  and  Feather  moss  sites  can  be 
demonstrated  by  the  diurnal  patterns  in  this  parameter. 

These  patterns  were  established  for  the  period  from  15  June 
to  15  August  1975  as  follows:  for  each  day  at  each  site, 
evaporation  during  successive  two  hour  periods  was  expressed 
as  a  percentage  of  the  maximum  value  measured  during  any  two 
hour  period  at  either  site  on  that  day.  These  percentages 
were  averaged  and  the  means  and  standard  errors  for  each  two 
hour  period  are  shown  in  Fig.  13.  Examination  of  this 
Figure  shows  that  evaporation  is  very  low  from  midnight 
until  0900  hr,  with  the  Feather  moss  site  showing  higher 
values  than  the  Tomenthypnum  site.  Comparison  of  this 
Figure  with  Fig.  14,  which  illustrates  the  mean  hourly  water 
vapour  deficits  for  both  sites  for  the  period  1  May  to 
3  August,  shows  that  evaporation  pattern  at  the  Feather  moss 
site  is  closely  correlated  with  the  diurnal  pattern  in  water 
vapour  deficit. 

Evaporation  at  the  Tomenthypnum  site,  on  the  other 
hand,  shows  a  different  pattern.  The  peak  in  evaporation  at 
1300  hr  can  probably  be  attributed  to  solar  radiation 
reaching  a  maximum  at  that  time  (Geiger  1966,  p.255),  and 
the  decline  during  the  afternoon  reflects  the  decrease  in 
radiation.  The  values  are  higher  after  than  before  1300  hr 
because  water  vapour  deficit  at  the  Tomenthypnum  site 
reaches  a  maximum  at  1600  hr  (Fig.  14) .  It  should  be  noted 
that  evaporation  rates  at  the  two  sites  are  equivalent  when 
the  water  vapour  deficits  cross  over  at  about  2100  hr.  An 


80H 


55 


o 

o 


Figure  13.  Mean  diurnal  pattern  of  evaporation  from  15  June  to  15  August  1975: 

♦  =  Tomenthypnum  site;  0=  Feather  moss  site.  Values  shown  are  mean 
percentages  of  daily  maximums  ± standard  errors. 
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Figure  14.  Mean  hourly  water  vapour  deficits  for  the  period  1  May  to  3  August  1975.* 

0=  Tomenthypnum  site;  +=  Feather  moss  site. 
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Table  3.  Mean  monthly  wind  speeds  at  Tomen thypnum  site 
in  1975. 


Month 

Mean  Hind  Speed  (m  sec-1) 

May 

0.27 

June 

0.18 

July 

0.10 

August 

0.08 

September 

0.08 

October 

0.10 

additional  feature  is  the  apparent  delayed  rise  in 
evaporation  rate  at  both  sites  in  the  morning.  The  water 
vapour  deficit  rises  after  0700  hr  but  the  evaporation  rate 
shows  no  increase  until  after  0900  hr.  This  delay  may  be 
due  to  low  morning  wind  speeds,  but  this  remains  to  be 
confirmed  since  no  wind  speed  measurements  were  made  at  that 
time. 

Figs.  13  and  14,  therefore,  give  some  indication  of  the 
relative  effects  of  water  vapour  deficit  and  solar  radiation 
on  evaporation  stress  at  the  two  sites.  Hind,  which  will  be 
discussed  later,  is  probably  a  factor  in  the  increased 
afternoon  evaporation  rate,  but  it  was  not  possible  to 
quantify  this  effect.  The  evaporation  rates  recorded  during 
mid-  to  la te-Septeraber ,  mentioned  above,  which  were  lower 
than  would  be  expected  from  the  water  vapour  d ef ici t  data 
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(Fig.  11,  p.51)  might  be  attributable  to  a  combination  of 
low  radiation  levels  (Fig.  4,  p « 2 7 )  and  low  wind  speeds 
(Table  3) . 

Precipitation 

Rainfall  was  measured  at  the  Tomenthy pnum  site  by  a 
Belfort  Recording  Rain  Gauge  from  10  June  to  17  September 
1974  and  from  1  May  to  22  October  1975.  The  instrument  was 
placed  in  the  open,  well  away  from  trees,  and  the  rainfall 
totals  for  five-day  periods  are  shown  in  Fig.  15.  It  is 
apparent  that  rainfall  is  frequent  throughout  the  season, 
although  the  total  amounts  probably  decline  in  late 
September  and  October  (cf.  Fig.  3,  p.25).  Precipitation 
during  September  and  October  is  occasionally  in  the  form  of 
snow.  Light  snow  was  noted  in  early  September  1974  and 
heavier  snow  fails  occurred  after  22  October  1975.  The  rain 
gauge  was  not  appropriate  for  measuring  snowfall  so  no 
precipitation  records  were  made  for  that  period.  Snow  which 
falls  at  that  time  of  the  year  is  rarely  persistent,  usually 
melting  within  a  few  days. 

Rainfall  appears  to  be  associated  with  weather  systems 
which  last  for  two  or  three  days,  these  systems  being 
separated  by  rain- free  periods  cf  four  to  five  days.  There 
is,  of  course,  considerable  variation  and  rain-free  periods 
of  more  than  a  week  can  occur  at  any  time  during  the  season. 
The  long-term  mean  monthly  rainfall  for  July  at  Edson  is 
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Five-day  rainfall  totals  at  Tomenthypnum 
site:  n.r.  =  not  recorded. 
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over  100  mm,  yet  a  rain- free  period  exceeding  12  days  was 
recorded  at  the  field  site  during  July  1975. 

Rainfall  occurs  most  frequently  in  the  early  morning 
and  evening.  The  evening  rainfall  frequently  is  derived 
from  thunderstorms  which  are  a  common  consequence  of  the 
afternoon  cloud  build-up  discussed  earlier.  The  intensity 
of  this  rain  tends  to  be  quite  high  and  the  period  from  1800 
to  1900  hr  accounts  for  nearly  10%  of  the  total  rainfall 
recorded  during  the  measurement  periods  in  1974  and  1975. 

There  was  a  low  correlation  between  rainfall  recorded 
in  1974  and  that  recorded  at  Edson,  probably  due  primarily 
to  the  localized  nature  of  the  thunderstorms  during  the 
summer.  No  attempt  was  made,  therefore,  to  use  the  Edson 
data  to  extend  field  observations  or  to  compare  1974  and 
1975  precipitation  values  with  long-term  means. 

The  patterns  of  rainfall  received  by  the  Feather  mosses 
were  investigated  using  small  plastic  "Tru-Chek1'  rain  gauges 
(Edwards  Mfg.  Co.,  Albert  Lea,  Minnesota).  A  total  of  70 
readings  was  taken  during  1974  and  1975  at  various  locations 
and  it  was  found  that  rain  falling  on  the  Feather  mosses 
averaged  78%  of  that  received  in  the  open.  This  value  is 
similar  to  the  66%  recorded  by  Abolin*  (1974)  for  a  Pinus  - 
Feather  moss  forest  in  the  U.S.S.R.  and  with  73%  reported  by 
Schubert  (1917,  cited  in  Barkman  1958,  p.26).  A  frequency 
distribution  (Table  4)  shows  that  the  variation  was 
considerable,  with  values  ranging  from  19%  to  132%.  Field 
observations  indicate  that  rainfall  received  by  the  Feather 
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Table  4.  Frequency  distribution  of  the  percentage  of 
rainfall  reaching  the  Feather  moss  canopy 
compared  with  the  open.  Mean  throughfall  =  78%. 


Throughfall  (%) 

Number  of  Observations 

>110 

1 

101-1 1  0 

7 

91-  100 

20 

81-90 

1 1 

-j 

l 

CD 

o 

8 

61-70 

7 

51-60 

8 

41-50 

3 

31-40 

2 

21-30 

2 

<20 

1 

Total 

70 

mosses  depends  not  only  on  location  relative  to  the  tree 
canopy  but  also  on  the  duration  and  intensity  of  the  rain 
(cf.  Geiger  1966,  pp. 326-336;  Weetman  and  Timmer  1967). 

Light  rain  in  the  order  of  1  ram  or  less  was  almost  entirely 
intercepted  by  the  Picea  maria na  canopy  and  only  mosses 
growing  in  relatively  open  situations  were  wetted  (cf. 

Geiger  1966,  p.328).  The  proportion  of  rainfall  penetrating 
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the  tree  canopy  increased  with  the  amount  of  rain  to  the 
extent  that  penetration  values  of  around  1 0 0 %  were  achieved 
when  precipitation  was  in  the  order  of  20  mm. 

Wind 

Wind  was  recorded  at  the  two  sites  by  Belfort  3-cup 
Totalizing  Anemometers,  the  cups  of  which  were  located  at  a 
height  of  25  cm  above  the  moss  canopy  surfaces.  A 
calibration  period  of  five  weeks  showed  that  the  average 
agreement  between  instruments  was  within  5%.  The  objectives 
were  to  record  the  seasonal  patterns  in  wind  speed  and  to 
compare  the  wind  speed  over  T.  ni tens  with  that  over  the 
Feather  mosses.  The  average  wind  speed  for  each  month  was 
calculated  and  the  data  for  the  To irenthy pn  urn  site  are  snown 
in  Table  3. 

Observations  in  the  field  using  a  Hastings  Model  AB-27 
Air-Meter  with  a  directional  probe  indicated  that  wind 
speeds  less  than  about  0.3  m  sec-1  were  not  recorded  by  the 
anemometers-  Table  3  shows  that  the  average  monthly  wind 
speeds  at  the  Tome nthypnum  site  were  all  less  than  this 
value,  which  means  that  the  wind  speeds  are  almost  certainly 
under-estimates  of  the  true  values.  It  is  apparent, 
however,  that  there  was  more  wind  in  May  and  June  than 
during  the  other  months. 

Wind  was  measured  for  15  weeks  at  the  Feather  moss  site 
and  for  4  more  weeks  at  another  site  dominated  by  Feather 
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mosses.  The  amount  of  wind  recorded  at  these  sites  varied 
from  12%  to  35%  of  that  recorded  at  the  Tomenthypnum  site 
for  the  same  periods.  The  actual  magnitude  of  this 
difference,  however,  is  uncertain  due  to  the  problem 
outlined  above,  but  it  seems  clear  that  trees  reduce  the 
wind  velocity  over  the  Feather  mosses  compared  with  that 
over  T.  nitens.  Mere  accurate  instruments  would  be  reguired 
to  quantify  this  difference. 

Wind  speed  at  the  canopy  surface  would  be  expected  to 
be  lower  than  at  25  cm  above  the  surface  due  to  friction 
effects  of  the  moss  canopy  (cf.  Barkman  1958,  p.26).  More 
than  300  wind  profile  readings  were  taken  throughout  the 
1974  season  in  various  weather  conditions  at  both  the 
Tomenth ypnum  and  Feather  moss  sites  and  it  was  found  that 
wind  speed  at  the  canopy  surface  averaged  about  20%  of  the 
wind  speed  at  25  cm,  with  no  significant  differences  between 


the  sites. 


III.  FIELD  GROWTH  KATES 


1.  Methods  for  Measuring  Bryophyte  Growth 

The  most  comprehensive  treatment  of  methods  for 
measuring  bryophyte  growth  rates  is  that  of  Clymo  (1970) . 
Clymo  divided  methods  of  measurement  into  four  categories: 

a)  The  use  of  innate  time  markers,  i.e.  natural  cyclic 
changes  of  branch  length  and  spatial  density  of 
branches . 

b)  The  use  of  reference  markers  outside  the  plant,  i.e. 
measurement  of  length  increase  against  external 
reference  marks. 

c)  The  measurement  of  growth  of  plants  cut  to  known 
initial  lengths. 

d)  Direct  estimates  of  changes  in  weight. 

Innate  time  markers  have  been  used  successfully  in 
measuring  the  growth  rates  of  Hylocomium  splendens  (Tamm 
1953),  Poly tr ichu m  alpestre  (Lorgtcn  1970,  1972c), 
Aulacomnium  £alustre  (Reader  and  Stewart  1971,  TeczynSKa- 
Kamecka  1974)  ,  Pchlia  wa hie n be rqii  var.  qla cialis  (Clarke  et 
al.  1971),  and  Poly trichum  strict urn  (Longton  1974b) .  Annual 
shoots,  corresponding  to  those  of  Fylocoml urn  splendens,  can 
sometimes  be  distinguished  in  Pleurozium  schreberi  and 
Pt ilium  crist a- cast pens is  (Tamm  1953,  p.39),  and  growth  of 
I?  1  euro z  1  u m  schreberi  has  also  been  estimated  from 
gametangial  position  and  from  the  morphology  of  the  apical 
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region  (Longton  and  Greene  1969).  Growth  of  the  Feather 
moss  species,  particularly  Hylocomium  splendens ,  can 
therefore  be  estimated  fairly  readily  by  using  this 
approach. 

An  examination  of  samples  of  Tomen thyp num  nitens  from 
the  study  site,  however,  revealed  no  consistent  cyclic 
fluctuations,  so  it  was  not  possible  to  use  annual  shoots  to 
measure  the  growth  rate  of  this  species.  This  was  also  the 
case  in  a  majority  of  42  samples  of  Sphagnum  collected  by 
Clyrao  from  a  variety  of  sites  in  England.  Even  when  cyclic 
changes  were  observed  it  was  possible  that  the  changes  were 
not  necessarily  seasonal  but  reflected  abrupt  changes  in 
temperature  or  water  supply,  or  both  (Clymo  1970). 

Overbeck  and  Happach  (1956,  cited  in  Clymo  1970)  used  a 
thread  tied  round  the  stem  as  a  marker  against  which  to 
measure  growth  of  Sphagnum  plants.  This  was  unsuccessful, 
however,  in  habitats  which  were  net  fully  aquatic.  The 
monthly  measurements  caused  the  plants  to  dry  out  since  it 
was  impossible  to  effectively  rearrange  them  into  their 
natural  orientation.  Clymo  (1S70)  also  attempted  to  use 
this  method  but  soon  abandoned  it.  Due  to  the  lack  of 
success  with  this  method  in  these  studies,  no  attempt  was 
made  to  use  thread  markers  to  measure  growth  in  Tomenthypn  urn 
nitens. 

A  more  successful  method  of  using  external  markers  to 
measure  bryophyte  growth  was  described  by  Clymo  (1970).  It 


involves  the  use  of 
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”...  many  separate  cranked  stainless  steel  wires 
(shaped  like  a  car  starting  handle) .  One  end  of 
the  wire,  which  can  conveniently  be  about  10  cm 
long,  is  pushed  into  the  Sphagnum  carpet 
vertically...  The  horizontal  section,  about  1  cm 
long,  is  level  with  the  capitula,  whilst  the  free 
end,  which  must  be  of  exactly  known  length, 
projects  into  the  air. 

"The  Sphagnum  plants  grow  up  around  the 
vertical  free  end  of  the  wire  and  the  growth  is 
measured  from  the  amount  of  wire  still  projecting 
above  the  surface.  The  cross  piece  increases 
resistance  to  vertical  movement  of  the  wire  among 
the  plants. " 

This  "cranked  wire"  method,  which  provided  useful 
results  in  Clymo's  study,  has  also  been  used  successfully  in 
studies  by  Sonesson  (1973)  and  Sonesson  and  Johansson 
(1973) .  It  was  used  in  this  study  to  measure  growth  in  T. 
nitens. 


Measurement  of 
initially  into  know 
has  been  criticized 
that  this  procedure 


length  increments  in  plants  cut 
n  lengths  and  then  replaced  in  the  ma 
by  Clarke  et  al.  (1971)  on  the  basis 
is  likely  to  affect  natural  growth 
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processes.  Clymo,  for  example,  found  "...  some  indication 
that  the  growth  in  length  is  inversely  related  to  the 
initial  length  and  guite  strong  indication  that  growth  in 
weight  is  similarly  related."  This  could  be  particularly 
significant  when  growth  rates  are  very  low. 

Despite  this  problem,  field  testing  of  a  modification 
of  this  approach,  the  "capitulum  correction"  method  (see 
Clymo  1970) ,  has  provided  quite  accurate  measurements  of 
growth  with  some  Sphagnum  species.  Some  preliminary 
investigations  of  the  feasibility  of  using  this  method  to 
measure  the  growth  of  Tomenthy prum  nitens  were  made-  The 
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morphology  of  individual  stems  of  this  species,  however,  is 
so  variable  that  the  requirement  for  a  close  correlation 
between  the  weight  of  the  top  1  cm  (the  capitulum  in 
Sphagnu  m) ,  and  of  the  next  3  cm  of  stem  with  the  branches 
removed,  was  not  met  (these,  and  all  subsequent  weight 
determinations,  were  made  using  a  Mettler  Type  H6T 
analytical  balance) .  Correlation  coefficients  for  the 
S£ha£num  species  measured  by  Clymo  (1970)  ranged  from  0.84 
to  0.97,  whereas  those  for  the  three  samples  of  T.  nitens 
measured  in  this  study  ranged  from  0.74  to  0.81.  The 
capitulum  correction  method,  therefore,  was  not  used  to 
measure  the  growth  of  this  species. 

Weight  differences  between  samples  collected  from  the 
field  at  different  times  cannot  be  used  to  estimate  growth 
of  Tomenthy_£nu  m,  because  of  the  considerable  variation  in 
weight  for  plants  of  equal  length,  the  low  growth  rates,  and 
the  difficulty  of  interpreting  the  relationship  between 
green,  non-green  and  dead  tissue. 


2.  Growth  of  Toment hypnum  nitens 

Length  increments  of  T.  nitens  were  measured  from  early 
May  to  mid-October  1975  using  the  cranked  wire  method 
outlined  above.  Ten  sites  in  the  fen  (veg.  type  C,  p.16) 
were  arbitrarily  selected  and,  at  each  site,  five  wires  were 
carefully  inserted  into  the  moss  mat  so  that  the  horizontal 
cross  pieces  wer e  level  with  the  moss  surface.  Each  wire 
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consisted  of  an  8  cm  basal  portion,  a  1  cm  cross  piece,  and 
a  2  cm  upright  which  projected  vertically  above  the  surface 
(Plate  3b).  The  sites  were  visited  at  approximately  monthly 
intervals  and  length  increments  of  the  moss  stems  relative 
to  the  wires  recorded. 

Within  three  weeks  it  was  noted  that  the  rates  of 
length  increase  were  quite  variable,  and  that  this  variation 
was  correlated  with  the  colour  of  the  apical  region.  At 
each  subsequent  measurement  period,  therefore,  the  colour  of 
the  apical  region  cf  the  moss  was  noted  along  with  the 
length  increment.  Four  colour  categories  were  established, 
viz  brown,  yellow-brown,  yellow-green  and  green,  and  length 
increments  for  the  samples  in  each  category  were  averaged. 
These  values  are  presented  in  Fig.  16  which  shows  that  stems 
with  green  apices  (Plate  3c)  had  the  fastest  elongation 
rates,  followed  by  yellow-green  then  yellow-brown 
(Plate  3b) .  Some  cf  the  moss  which  remained  brown  during 
mid-summer  (cf.  Plate  3a) ,  and  which  showed  no  growth  during 
that  time,  developed  green  shoots  in  early  autumn  and  grew 
some  4  mm  in  two  months. 

It  was  hypothesized  that  the  colour  of  the  apical 
region  was  correlated  with  water  content,  and  that  the  water 
contents  determined  the  differences  in  growth  rates. 

Samples  of  the  top  1  cm  of  various  colours  of  T.  nit ens  were 
collected  between  1300  and  1530  hr  on  2,  9  and  23  July  and 
14  August  1975,  and  the  water  contents  determined  relative 
to  dry  weight  at  80°C.  For  a  total  of  nine  samples  of  each 
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Plate  3 


Colour  categories  of  Tomenthypnum  nitens ; 

a)  Tomenthypnum  nitens  transplanted  to  ridge  top  on  14  May, 
photographed  on  27  August.  Sheltered  part  in  upper  right  corner 
green,  remainder  of  mat  is  brown.  Size  is  approx.  30  x  55  cm. 

b)  Yellow-brown  Tomenthypnum  nitens  showing  two  cranked  wires  used  for 
growth  measurements.  Uprights  of  wires  are  2  cm,  cross  bars  are 

1  cm. 


c)  Green  Tomenthypnum  nitens  with  three  cranked  wires. 
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(unu)  iN3W3y3NI  H10N31 


Figure  16.  Length  increments  of  the  different  colour  categories  of 

Tomenthypnum  nitens  in  1975:  O  =  green;  ▲  =  yellow-green; 
0=  yellow-brown;  +  =  brown. 
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colour,  the  water  contents  of  cress  with  green  apices 
averaged  3.44±0.23,  that  of  yellow  (yellow-green  plus 
yellow-brown)  2.09±0.14,  and  of  brcwn  0.35±0.11  g  ®  g  dry 
wt~i  (mean±s.e.)  .  The  difference  between  each  pair  of  means 
is  significant  to  E<0.001.  The  implications  of  these 
results  will  be  discussed  later. 

3.  Growth  of  Hylo co  roium  splendens 

Of  the  three  feather  moss  species,  growth  of  H. 
s£lendens  is  most  easily  measured  because  of  the  syrapodial 
chain  of  annual  shcots  (Tamm  1  953).  Tamm  (p .22)  suggested 
that  one  way  of  eliminating  the  problem  of  the  varying  size 
of  the  moss  individuals  in  different  samples  is  to  express 
the  different  segments  in  a  sample  as  a  proportion  of  a 
certain  "base1*  segment  (see  also  Longton  1  970)  .  In  this 
study  the  segment  which  grew  in  1973  was  chosen  as  the  base 
segment;  it  is  hereafter  referred  to  as  the  ”1  973  layer11. 

Samples  of  H.  splendens  were  collected  from  the  study 
site  at  weekly  intervals  from  30  April  to  2  November  1975. 

In  most  instances  two  collections,  from  different  locations, 
were  taken  at  each  sampling  time,  although  in  some  cases 
only  one,  or  occasionally  three,  collections  were  made.  A 
total  of  48  collections  was  made  during  the  season. 

From  each  collection  the  first  30  individuals  which  met 
the  sampling  criteria  were  selected.  Individuals  were 
rejected  if  they  were  branched  at  or  above  the  1972  layer. 
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possessed  sporophytes,  or  were  obviously  damaged.  The  30 
selected  individuals  were  then  separated  into  segments  and 
those  older  than  the  1972  layer  were  discarded.  Initially 
the  segments  from  each  stem  were  weighed  individually  and 
the  dry  weight  (80°C)  of  each  was  expressed  as  a  proportion 
of  that  of  the  1973  layer.  The  1972  layer  was  also  measured 
as  a  check  on  the  1973  layer  since,  as  Tamm  (1953,  pp. 22-23) 
pointed  out,  if  the  segment  selected  as  the  base  segment  is 
subject  to  either  growth  or  decomposition,  errors  in  the 
figures  for  the  other  segments  will  follow- 

The  calculation  of  the  ratios  for  each  layer  of  each 
stem  allowed  calculation  of  confidence  limits  for  the  mean 
ratios  of  each  layer  for  each  sample.  It  was  found  that  the 
95%  confidence  limits  for  these  ratios  averaged  about  10% 
either  side  of  the  mean,  and  rarely  exceeded  15%. 

It  was  considered  that  the  first  26  collections 
provided  a  reasonable  estimate  of  the  confidence  limits  of 
the  mean  ratios.  As  weighing  individual  segments  was 
tedious,  the  procedure  for  measuring  the  ratios  was 
simplified  by  aggregating  the  segments  from  each  year, 
obtaining  the  dry  weight,  and  calculating  ratios  for  the 
entire  sample.  The  complete  data  are  presented  in  Pig.  17. 

This  Figure  shows  that  the  choice  of  the  1973  layer  as 
the  base  segment  was  a  reasonable  one,  since  there  appears 
to  be  no  significant  seasonal  change  in  the  ratio  between 
this  layer  and  the  1972  layer-  A  line  of  best  fit  through 
the  points  on  the  1972  graph. 


however,  shows  a  slight 
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Growth  of  Hylocomium  splendens  in  1975.  Changes  in 
dry  weight  of  the  1972,  1974,  1975  and  1976  layers 
expressed  as  ratios  of  the  1973  layer. 


Figure  17. 
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negative  slope  of  0.16  units  for  the  six  month  season.  It 
is  suggested  that  this  line  may  represent  decomposition  of 
the  1972  layer  because,  if  the  line  was  continued,  it  would 
reach  zero  in  about  seven  seasons,  a  value  consistent  with 
decomposition  rates  observed  in  the  field  (assuming  no 
significant  decomposition  during  the  winter  months) .  This 
is  comparable  with  an  estimate  of  5-12  years  for 
decomposition  reported  by  fleetman  and  Timmer  (1967)  for 
Ontario  populations  of  this  species. 

Growth  of  the  1974  layer  was  resumed  in  the  early  part 
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(1953,  p.20),  Longton  and  Greene  (1969),  and  Longton  (1970, 
1972b)  that  there  appears  to  be  little,  if  any,  growth 
activity  over  the  winter  months  in  continental  and  polar 
climates. 

The  future  1976  layer  appeared  as  a  small  bud  in  late 
July,  but  showed  no  significant  growth  during  the  1975 
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season.  Its  biomass  at  the  end  of  October  was  similar  to 
the  biomass  of  the  1975  layer  in  early  May.  The  cause  of 
this  apparent  inhibition  has  yet  to  be  established,  although 
a  requirement  for  cold  conditioning  seems  not  to  be  a  factor 
since  material  maintained  in  a  controlled  environment 
chamber  at  temperatures  well  above  0°c  showed  rapid  growth 
of  the  1976  layer  after  October- 

Up  to  this  point  discussion  has  centred  around  growth 
in  undisturbed  habitats.  Removal  of  the  tree  canopy  is 
known  to  kill  Feather  mosses  (Tamm  1953,  p.103;  Heinselman 
1963,  Weetman  and  limmer  1967) ,  but  what  effect  does  the 
removal  of  the  shrub  and  herb  canopy,  the  tree  layer 
remaining  intact,  have  on  the  growth  of  Hy loco  mi  urn 
splendens? 

A  region  of  the  forest  floor  was  selected  where  the 
cover  of  the  tree  canopy  was  about  60%  and  where  Ledum 
qroenlandicum  had  a  canopy  cover  of  40-50%  over  a  dense 
carpet  of  Feather  mosses.  L.  qroenlandicum  is  an  erect 
ericaceous  shrub,  some  20  to  50  cm  high,  with  elliptic- 
oblong  leaves  3  to  5  cm  long  which  are  predominantly  clumped 
at  the  branch  tips.  Four  areas,  each  1  m2 ,  were  cleared  of 
this  and  other  shrub  and  herb  species.  Areas  1  and  2  were 
cleared  in  mid-June  1974.  The  shrub  and  herb  canopy  of  Area 
1  consisted  of  Led  um  qroenlandicum  (35%  cover)  ,  Smilacina 
trifolia  (10%),  Ca rex  ag  uatilis  (<5%)  ,  Eguiset um  sy lvat icum 
(<5%) ,  and  Vaccini um  vitis-i daea  var.  minus  (<5%) .  The 
shrub  and  herb  canopy  of  Area  2  consisted  of  Ledum 
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qroenlan dicam  (35%),  Equiset um  sy  1  vaticum  (5%),  Siriilacina 
trifolia  (<5%)  ,  and  Vaccinium  viti s-idaea  var.  minus  (<5%) . 
Area  3,  with  a  cover  of  Ledum  qr cenlandicum  (45%),  Equisetum 
vaticum  (5%)  ,  and  Vaccinium  viti  s-idaea  var.  minus  (5%)  , 
was  cleared  on  4  June  1975.  Area  4,  with  a  cover  of  Ledum 
qroenlan dicu m  (55%),  Ccr  nus  canadensis  (5%),  S  mi lac i na 
trifolia  (5%) ,  and  Vaccinium  viti s-idaea  var.  minus  (<5%) , 
was  cleared  on  2  July  1975. 

Samples  of  Hy locomium  splendens  were  collected  from  the 
cleared  areas  at  monthly  intervals  in  1975.  Samples  were 
not  collected  from  Areas  3  and  4  until  the  month  following 
clearing.  From  each  sample  collected  from  each  of  the 
cleared  areas,  30  stems  were  selected  and  the  individual 
segments  weighed,  as  described  above.  The  results  are 
plotted  in  Fig.  18,  superimposed  on  the  data  for  the  1974 
and  1975  layers  frcm  Fig.  17. 

Figure  18  shows  that  the  1974  layers  from  Cleared  Areas 
1  and  2  had  a  slower  growth  rate  than  those  from  undisturbed 
carpets  and  completed  their  growth  approximately  one  month 
later.  In  contrast,  the  1974  layers  from  Cleared  Areas  3 
and  4  did  not  appear  to  have  been  affected,  presumably 
because  their  growth  was  completed  before  clearing  took 
place.  The  1975  layers  from  Cleared  Areas  1,  2,  and  3  also 
had  a  slower  growth  rate,  although  the  1975  layer  of  moss 
from  Cleared  Area  4  did  not  appear  to  have  been  affected. 

It  can  be  concluded,  therefore,  that  the  growth  of 
splendens  is  so  closely  balanced  with  its 
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Figure  18.  Effect  of  shrub  clearing  on  growth  of  Hylocomium 
splendens :  ©  =  growth  of  1974  and  1975  layers  in 
undisturbed  areas;  open  symbols  =  growth  in  cleared 
areas:  0  =  area  1,  □=  area  2,  A=  area  3,  V-  area  4. 
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microclimate  that  even  the  removal  of  a  rather  open  shrub 
layer  can  have  measurable  effects  on  growth  rates.  These 
effects  are  difficult  to  quantify  since  the  growth  of  the 
undisturbed  moss  is  so  variable.  Some  of  the  factors  which 
might  be  involved  will  be  discussed  later. 

4.  Productivity  of  the  Moss  Carpets 

One  advantage  of  the  moss  system  is  that  there  are  no 
roots,  so  there  is  no  associated  difficulty  in  estimating 
the  amount  of  underground  parts.  A  disadvantage,  however, 
is  that  there  is  nc  clear  division  between  live  plant,  dead 
plant,  and  peat,  so  the  terms  "standing  crop"  and  ‘'biomass" 
have  no  useful  meaning  {Clymo  1970).  At  least  part  of  the 
moss  tissue  remains  alive  at  considerable  depths  in  the 
peat,  so  biomass  can  by  no  means  be  equated  with  the  green 
layer  of  the  turf  (Longton  1972c) . 

Estimates  of  net  dry  matter  increase  of  either  the 
Tomen thy pnum  nitens  or  the  Feather  moss  canopies  were  not 
possible  because  nc  measurements  of  decomposit ion  rates  were 
made.  Estimates  of  the  net  production  of  the  Tomen thypn urn 
nitens  canopy  are  difficult  because  of  the  considerable 
spatial  variation  in  growth  rates  due  to  differences  in 
water  status,  as  well  as  the  problem  of  relating  length 
increment  to  increase  in  biomass.  The  latter  point  presents 
a  complex  problem  because  T.  nitens  stems  of  different 
colours  (and  different  water  contents)  have  different 
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morphologies.  Green  stems  have  a  very  elongated  growth  form 
and  a  high  shoot  density,  brown  stems  are  less  densely 
clustered  and  have  a  more  open  appearance,  and  yellow  stems 
are  intermediate.  The  density  of  stems  varies  from  4  x  104 
to  1.5  x  10s  per  m2,  the  higher  shoot  densities  being  found 
in  moss  carpets  possessing  green  apices. 

Measurements  of  13  samples,  each  55  cm2,  of  the  top 
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known.  It  is,  however,  of  the  same  order  of  magnitude  as 
most  published  production  estimates  for  species  of  S  phag num ; 
for  example  200  to  800  g  m~2  for  S.  fuscum  in  northern 
Europe  (Overbeck  and  Happach  1956,  cited  in  Reader  and 
Stewart  1971) ,  269  g  m~ 2  for  S.  fuscum  in  England  (Bellamy 
and  Rieley  1967) ,  180  to  790  g  nr-2  for  various  Sphagnum 
species  in  various  habitats  in  the  U.K.  (Clymo  1970),  63  to 
632  g  m~2  for  various  Sphagnum  species  in  Swedish  tundra 
(Sonesson  1973),  130  g  m~2  for  S.  rubellum  in  the  U.K. 

(Clymo  and  Reddaway  1974) ,  and  228  to  393  g  mr2  for  pure 
carpets  of  Sphagnum  in  the  U.K.  (Fcrrest  and  Smith  1975). 

It  is  also  comparable  to  estimates  of  51-145  g  m~2  for 
production  of  Aula comnium  palustre  in  Poland  reported  by 
Teczyns ka-Kamecka  (1974). 

Estimates  of  net  production  of  the  Feather  moss  carpet 
are  more  straightf oward  due  to  the  recognizable  annual 
growth  increments.  Production  cf  Hylocomium  splendens  in 
1975  could  be  readily  estimated  (see  Fig.  17).  Production 
of  Pleurozium  schreberi  and  Pt lliu m  cr ista-castrensis  was 
estimated  by  harvesting  the  current  season's  growth  and 
estimating  the  proportion  of  the  final  growth  that  the 
sample  represented.  Freguently  the  current  year's  growth 
could  not  be  distinguished.  In  such  cases,  for  samples 
collected  late  in  the  season,  about  half  of  the  green 
portion  was  taken  to  represent  one  year's  growth  {after  Tamm 
1953,  p . 3 9) .  For  samples  taken  earlier  in  the  season  this 
fraction  was  proportionately  reduced . 
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Production  estimates  were  made  for  six  samples  of 
Feather  moss;  mean  production  was  79±4  g  m-2  (meants.e. ) - 
Production,  of  course,  varies  with  location  but  the  above 
value  compares  with  the  44  to  58  g  m~2  (in  undisturbed 
forest)  recorded  by  Weetman  and  Timmer  (1967)  in  Ontario. 

It  also  compares  with  38  to  106  g  m~2  recorded  by  Tamm 
(1953,  Table  V)  in  Sweden,  and  with  estimates  by  Wielgolaski 
and  Kjelvik  (1975)  of  70  to  130  g  m-2  for  Feather  mosses  in 
Norwegian  subalpine  birch  forest  (extrapolated  from  Tables 
32,  36,  and  3  8)  and  70  to  150  g  m~2  in  Salix  thicket 
(extrapolated  from  Tables  42  and  46)  . 


IV.  BRYOPHYTE  -  ENVIRONMENT  INTERACTIONS 


1.  Laboratory  Studies  of  Net  Assimilation 


a)  Introduction 

The  correlation  between  water  content  and  growth  of 
Tomenthypnum  niten  s,  and  published  reports  of  the  importance 
of  water  in  the  physiological  ecology  of  bryophytes  (see 
review  by  Anderson  1974,  pp. 68-69) ,  prompted  investigation 
of  the  relationships  between  net  assimilation  and  water 
content  of  the  bryophytes  in  this  study.  Previous  studies 
of  the  effect  of  water  content  on  net  assimilation  rates  of 
various  bryophytes  have  been  made  by  Fraymouth  (1928), 
Stalfelt  (1  937a),  Ensgraber  (1  954),  Tallis  (  1959),  Hinshiri 
and  Proctor  (1971),  Lee  and  Stewart  (1971),  Kallio  and 
Heinonen  (1973),  and  Peterson  and  Mayo  (1975).  In  all  cases 
an  optimal  water  content  for  net  assimilation  has  been 
observed,  with  a  decrease  in  net  assimilation  rate  with 
decreasing  water  content  until,  at  very  low  water  contents, 
no  gas  exchange  is  detectable. 

Other  studies  have  emphasised  the  responses  of  net 
assimilation  to  light  and  temperature,  for  example  Kosokawa 
et  al.  (1964),  Rastorfer  and  Higinbotham  (1968) ,  Bazzaz  et 
al.  (1970),  Rastorber  (1970,1972),  Kallio  and  Karenlampi 
(1973),  and  Dilks  and  Proctor  (1975).  A  major  problem  with 
interpreting  light  and  temperature  response  curves,  however. 
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is  that  both  seasonal  and  short-term  acclimation,  the 
alteration  of  responses  to  optimally  utilize  the  prevailing 
conditions,  have  been  reported-  Significant  seasonal 
changes  in  light  response  curves  have  been  reported  by 
Hosokawa  et  al.  (1  964)  and  in  temperature  response  by 
Stalfelt  (1  937a).  Short-term  adjustments  to  changing 
temperature  and  light  conditions  have  been  reported  by 
Harder  (1925,  cited  in  Kallio  and  Heinonen  1973)  and 
Rastorfer  (1970,1972)  [see  also  criticism  of  Bazzaz  et  al. 
(1970)  by  Longton  (1974b)  J.  Other  problems  include 
alteration  of  light  response  curves  by  different 
temperatures  (Tallis  1959;  Rastorfer  1970,1972)  and  the 
possible  effect  of  carbon  dioxide  concentration  on  optimal 
temperatures.  In  experiments  on  some  vascular  plants,  for 
example,  a  1.22%  C02  concentration  raised  the  optimal 
temperatures  for  photosynthesis  about  10°C  above  the  optima 
determined  at  0.03%  CO2.  with  the  same  light  intensity 
(Lundegardh  1966,  p »  131)  .  It  was  apparent,  therefore,  that 
light  and  temperature  responses  of  T.  nitens  and  the  Feather 
mosses  were  likely  to  be  complex  and  difficult  to  elaborate. 
It  was  decided  that  this  was  beyond  the  scope  of  this  study 
and  attention  was  therefore  focused  on  the  water  relations 
of  the  species  and  the  effect  of  water  on  their  net 
assimilation  rates. 

Measurement  of  the  relationship  between  net 
assimilation  and  water  content,  however,  provides 
information  which  is  not  readily  comparable  from  one  species 
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her,  since  the  same  value  for  water  content  may 
considerable  differences  in  water  surplus  or  water 
in  different  species  (cf.  Anderson  and  Bordeau  1955). 
uate  the  effect  of  water  stress  on  net  assimilation, 
esirable  to  have  an  index  cf  water  status  which  is 
comparable  between  different  species;  an  appropriate 
or  this  purpose  is  water  potential.  The  relationship 
water  content  and  water  potential  was  evaluated  for 
the  species  used  in  this  study  and  water  potential 
were  then  used  in  examining  the  effects  of  water 
on  net  assimilation  and  in  comparing  and  contrasting 
ects  in  the  various  species. 


b)  Methods 

Mats  of  To me nth ypnum  nitens  and  the  Feather  mosses, 
each  30x55  cm,  were  collected  from  the  study  site  in  late 
September  and  mid  October  1975.  In  order  to  simulate  field 
conditions,  the  trays  containing  the  Feather  mosses  were 
perforated  to  allow  free  drainage,  while  water  was  allowed 
to  collect  in  the  T.  nitens  trays.  The  mosses  were 
maintained  in  an  Environmental  Growth  Chamber  (Model  M12, 
Chagrin  Falls,  Ohio)  under  a  clear  plastic  sheet  to  reduce 
evaporation.  Incandescent  and  cool  white  fluorescent  lights 
provided  a  light  intensity  at  the  moss  surface  averaging 
57 00±3 00  lux  (meanis.e.)  for  12  hr  with  an  abrupt  light-dark 
change.  The  light  level  was  increased  to  16900±500  lux  for 
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a  4  hr  period  in  the  middle  of  the  12  hr  photoperiod.  Air 
temperature  was  16 °C  during  the  light  period  with  a  gradual 
change  to  2°C  during  the  dark  period.  Plants  were  sprinkled 
daily  with  distilled  water  and  irregularly  sprayed  with 
Hoagland*s  solution,  with  iron  supplied  as  Fe  EDTA. 

Net  assimilation  measurements  were  made  in  a  second  EGC 
Chamber  (Model  M3) .  Positions  were  marked  out  on  the  floor 
of  the  chamber  and,  for  each  position,  light  levels  which 
would  be  received  by  moss  in  the  experimental  flasks 
(described  below)  were  measured  for  all  combinations  of 
chamber  lighting.  Light  was  measured  by  a  quantum  sensor 
(p  Einstein  m~2  sec-1),  a  photometer  (lux),  and  a  radiometer 
(watts  m~2)  (Lambda  LI-185  Quantum/Radiometer/Photometer, 
Lambda  Instruments  Co.,  Lincoln,  Nebraska) - 

In  small,  unventilated  chambers  high  light  levels  can 
significantly  raise  the  tissue  temperature  above  ambient  air 
temperature.  It  was  necessary,  therefore,  to  measure  this 
temperature  elevation  as  a  function  of  light  intensity.  A 
series  of  measurements  with  very  fine  (0.005  inch)  copper- 
constantan  thermocouples  attached  to  moss  tissue  in 
experimental  flasks  showed  that  temperature  elevation  (T  ° C) 
was  related  to  incoming  short-wave  radiation  (L  watts  nr*2) 
by  the  eguations: 

T  =  0.  043  L  -  0.84  (for  dry  moss) 
and  T  =  0.  024  L  +  0-25  (for  wet  moss). 

There  is  a  significant  temperature  elevation  at  maximum 
chamber  light  levels,  i.e.  about  17°C  for  dry 


moss. 
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Te mpe ra  t  ure  e le vations  are  lower  for  wet  moss  due  to  energy 
dissipation  through  evaporation  as  well  as  some  reduction  of 
radiation  levels  by  water  condensation  on  the  walls  of  the 
flask.  In  experiments  where  moss  temperature  was  to  be  kept 
constant,  temperature  elevation  was  compensated  for  by 
lowering  the  chamber  temperature  by  the  appropriate  amount. 

The  method  used  to  measure  net  assimilation  was  a 
modification  of  that  described  by  Larson  and  Kershaw  (1975). 
A  UNOR  2  (H«  Maihak,  Hamburg,  W.  Germany)  infrared  gas 
analyzer  (I RG A)  ,  with  a  carrier  reference  gas  (296  ppm  by 
volume  CC^/air)  flowing  at  150  ml/ min  was  used  to  measure 
the  levels  of  C0Z  within  the  experimental  flasks.  The 
flasks  were  500  ml  filtering  flasks  (with  a  total  volume  of 
580  ml)  fitted  with  rubber  stoppers  at  the  top  and  serum 
stoppers  on  the  side  arms. 

The  gas-analysis  system  was  similar  to  that  shewn  in 
Figure  1c  of  Larson  and  Kershaw  (1975)  except  that  no 
drierite  column  was  used.  A  drying  column  was  considered 
unnecessary  because  the  IRG A  used  is  relatively  insensitive 
to  water  vapour  (J.M.  Mayo,  pers.  comm.  1976).  The  IRGA  was 
set  at  maximum  sensitivity,  which  enabled  a  precise  measure 
of  the  immediate  change  of  CO^  concentration  in  the  sample 
cell  on  injection  into  the  carrier  stream  of  a  2.3  ml  sample 
from  a  gas  syringe  ( Fressure-Lok  Series  A,  Precision 
Sampling  Corp.,  Baton  Rouge,  Louisiana). 

Larson  and  Kershaw  (1975)  state  that: 

"Since  the  CO^  concentration  in  the  IRGA  sample 

cell,  after  injection  of  a  2- ml  sample,  changes  to 
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rier  gas-  Peak  height  is  calibrated 
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nd  linear  as  long  as  a  constant 
is  used." 


The  linear  nature  cf  the  calibration,  at  a  constant  flow 
rate,  was  confirmed  in  this  study. 

The  experimental  procedure  for  each  measurement  was  as 
follows:  The  material  to  be  measured  was  placed  in  a  flask 
and  the  flask  stoppered.  A  2.3  ml  sample  of  room  air  was 
injected  into  the  flask  through  the  serum  stopper,  the  flasx 
agitated  to  mix  the  air  inside,  and  a  2.3  ml  sample  then 
withdrawn.  This  procedure  was  followed  in  order  to  maintain 
the  flask  gas  pressure  equal  tc  rocm  pressure.  The  sample 
was  injected  into  the  IRG  A  gas  stream  and  the  response  peak 
labelled  appropriately.  This  sample  represented  the  CO^ 
concentration  at  the  beginning  of  the  experiment.  The  flask 
was  then  placed  on  its  side  in  cne  of  the  marked  positions 
in  the  growth  chamber,  where  the  light  had  been  measured, 
and  left  for  a  certain  time  period.  The  time  period  and 
amount  of  moss  material  were  chosen  so  that  the  change  in 
CO^  concentration  would  be  in  the  region  of  40  ppm.  This 
value  was  considered  large  enough  to  minimize  the  relative 
magnitude  of  the  measurement  errors  and  small  enough  to  have 
a  minimal  effect  on  moss  physiological  processes.  At  the 
end  of  the  measurement  period  the  flask  was  removed  from  the 
growth  chamber,  agitated  to  mix  the  air,  and  a  2.3  ml  sample 
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withdrawn.  This  sample  was  injected  into  the  IRGA  stream 
and  the  CO^  concentration  at  the  end  of  the  measurement 
period  determined.  The  net  assimilation  (N.A.)  rate  was 
calculated  as  follows; 


N.A.  (mg  CO*  •  g  dry  wt~*  ®  hr~i)  =  ACO^  (ppm)  x 
9.77  x  10~4  /  [dry  wt  (g)  x  time  (hr)  j 

The  conversion  factor  of  9.77  x  10~4  was  calculated  as 

follows;  A  1  ppm  change  in  C02  concentration  represents  1  x 

10~6  mole  C02/Kiole  air.  Since  the  flask  volume  is  580  ml, 

the  pressure  and  temperature  in  the  laboratory  averaged 

700  mm  Hg  and  293°K  respectively#  and  1  mole  of  gas  occupies 

22.414  litre  at  standard  temperature  and  pressure; 

the  conversion  factor  =  1  x  10~6  x  580/22414  x  700/760  x 

273/293 

Since  1  mole  CC^  =  44000  mg 

=  1  x  10-6  x  (580/22414)  x  44000 
the  conversion  factor  =  9.77  x  10~4  mg/ppm 
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RH  =  relative  humidity  (%) 

Relative  humidity  values  between  0  and  100%  were  chcsen 
and  salt  solutions  which  provided  these  humidities  were 
selected  from  the  tables  in  Winston  and  Bates  (1960).  The 
salts  used,  their  relative  humidities  and  corresponding 
water  potentials  are  shown  in  Table  5. 

Moss  samples  were  suspended  ever  the  saturated  salt 
solutions  in  small  bottles  and  the  bottles  were  then  placed 
in  a  water  bath  maintained  at  20±0.3°C.  The  samples  were 
weighed  to  equilibrium  and  water  contents  then  determined 
from  the  equilibrium  weight  and  dry  weight  (80°C) .  In  an 
attempt  to  determine  if  there  was  a  hysteresis  effect,  i.e. 
differences  in  water  content  at  a  certain  water  potential 
depending  on  whether  the  material  was  wetting  or  drying, 
measurements  were  made  on  both  wetting  and  drying  material. 

c)  Results 

Other  workers  have  noted  that  physiological  responses 
of  various  species  of  moss  vary  with  depth  in  the  canopy 
(Fraymouth  1928,  Abel  1956,  Tallis  1959,  Willis  1964,  Clarke 
et  al.  1971,  Hinshiri  and  Proctor  1971,  Kallio  and 
Karenlampi  1973) .  Therefore,  to  determine  which  part  of  the 
moss  was  photosynthetically  active,  a  series  of  measurements 
of  net  assimilation  rates  of  material  from  various  depths  in 
the  canopy  was  made  for  each  of  the  four  species.  The  means 
and  standard  errors  are  presented  in  Table  6-  There  is  a 
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Table  5.  Relative  humidities  and  corresponding  water 

potentials  over  saturated  salt  solutions  at  20°C. 
Relative  humidity  values  from  Winston  and 
Bates  (1  960)  . 


Compound 

Relative 
Humidity  (%) 

Water  Potential 
(bar) 

distilled  water 

100.0 

0 

potassium  sulphate 

98.0 

-27 

lead  nitrate 

97.0 

-41 

potassium  phosphate, 
monoba  sic 

96.5 

-48 

pyrocatechol 

95.5 

-62 

potassium  nitrate 

93.5 

-91 

magnesium  sulphate 

90.0 

-  1  43 

potassium  chloride 

85.0 

-220 

ammonium  sulphate 

80.5 

-293 

sodium  chloride  + 

potassium  chloride 

70.0 

-482 

calcium  nitrate 

55.5 

-796 

magnesium  chloride 

33.0 

-1500 

potassium  acetate 

20.0 

-2177 

lithium  chloride 

12.5 

-2813 

considerable  decrease  in  capacity  for  net  photosynthesis 
with  depth,  so  care  was  taken  to  ensure  that  comparable 
material  was  used  for  all  subsequent  experiments. 

Anderson  ( 19  7  4)  noted  that  "there  is  a  complicated 
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Table  6.  Net  assi  irilat  ion  rates  at  various  depths  in  the 

moss  canopies  (mg  C0X  ©  g  dry  wt~i  *  hr-1).  Light 
level  250  p  Einstein  m- 2  sec-1,  temperature  15°C. 
Values  are  means  with  standard  errors  in 
parentheses.  Values  for  Hylocomium  s p lenders 
are  for  successive  annual  layers  down  from  the 
canopy  surface. 


Species 

0-1.5 

Depth  in 

1.5-3. 0 

Canopy  (cm) 

3.0-4. 5 

4.5-6.  0 

Hylocomiu m 

splendens 

3.38 

(±0.256) 

1.99 

(±0.082) 

0.  27 
(±0.  072) 

-0.21 
(±0.  037) 

Pleurozium 
schreber i 

3.  02 
(±0.246) 

0.89 
(±0.  128) 

-0.  36 
(±0. 023) 

-0.41 
(±0.  046) 

Pt ilium 

cr ist a- castr ensis 

2.91 

(±0.171) 

1.  12 

(±0.092) 

-0.  05 
(±0.  052) 

-0.37 
(±0.  092) 

Tomenthypnum 

nitens 

1.20 

(±0.033) 

0.  16 

(±0.  0 33) 

-0.  04 
(±0.  022) 

-0. 14 
(±0. 013) 

interaction  among  photosynthetic  rates,  light  intensity,  and 
water  content  of  the  moss."  Temperature  is  foremost  among 
other  complicating  factors  which  should  be  added  to  this 
list.  In  the  investigation  of  the  effects  of  water  content 
on  pho tosy nthetic  rates  it  was  considered  desirable  to  hold 
the  light  level  and  temperature  at  or  near  an  optimal  level 
in  order  to  avoid  potential  complications  due  to  limiting 
effects  of  these  parameters. 

To  determine  optimal  light  levels,  measurements  of  net 
assimilation  of  Hy^ 3 o co mi u m  sj^lepidejis  and  iomen th_yj-nu_m  .nitens 
were  made  at  various  light  intensities.  The  results  are 
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shown  in  rigs.  19  and  20  respectively.  Light  response 
curves  of  P 1  eu  r  oz  i_ujn  sc  h  re  be  rj  and  P tjijum  crista-castrensis 
were  not  measured,  but  were  assumed  to  be  similar  to  that  of 
H.  sjplendens.  The  abscissa  in  Figs.  19  and  20  shows 
" photos yn the tic ally  active  radiation"  (PAR) ,  i.e.  guanta  in 
the  400-700  nm  range.,  plotted  on  a  logarithmic  scale. 

These  Figures  show  that  the  light  compensation  points 
are  about  4  and  7  p  Einstein  nr~2  sec-1  respectively  for  H„ 
s plena e n s  and  T.  nitens.  Measurements  indicated  that  these 
values  corresponded  to  about  300-500  lux,  which  is  similar 
to  the  300-700  lux  reported  by  Staifelt  (1937a)  for  forest 
mosses  and  the  observation  by  Kallio  and  Karenlampi  (1973) 
that  the  light  compensation  of  mosses  at  optimum 
temperatures  is  around  400  lux. 

Maximum  photo synthetic  rates  for  Hylocomi u m  splenden s 
were  recorded  at  about  250  ji  Einstein  m~2  sec* 1 ,  which 
corresponds  to  about  14000  lux.  This  value  is  similar  to 
the  16000  lux  reported  for  K.  splendens  at  15°C  by  Staifelt 
(1937a).  Light  levels  in  excess  of  this  value  resulted  in  a 
lower  net  assimilation  rate,  a  phenomenon  which  has  been 
frequently  observed  in  mosses  which  grow  in  shaded  habitats 
(for  example  Staifelt  1937a;  Tallis  1959,  1964;  Hosokawa  et 
al.  1964;  Willis  1964;  Rastorfer  and  Higinbotham  1968; 
Rastorfer  1970;  and  Kallio  and  Heinonen  1973).  This 


depression  of  net  assimilation  has  been  attributed  to  the 
damaging  effect  of  high  levels  of  visible  radiation,  rather 
than  UV,  on  the  photosystems  of  the  plants  (Levitt  1972, 
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Figure  19.  Light  response  curve  of  Hylocomium  splendens  at  15°C. 

PAR  =  Photosynthetically  Active  Radiation  (400  -  700  nm) . 
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Light  response  curve  of  Tomenthypnum  nitens  at  15°C. 

PAR  =  Photo synthetically  Active  Radiation  (400  -  700  nm) . 
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P-451)  . 

Maximum  photo  synthetic  rates  for  Tome  nth  y  pnu  m  ni ten  s 
were  recorded  at  about  150  p  Einstein  m~2  sec*1,  which 
corresponds  to  about  8000  lux.  There  were  no  apparent 
deleterious  effects  at  high  light  levels,  at  least  during 
the  measurement  periods  used  (30-35  min)-  The  "light 
saturation"  values  of  these  brycphytes  are  comparable  with 
the  10000  to  20000  lux  range  reported  for  many  bryophyte 
species  (Hosokawa  et  al.  1964,  Kallio  and  Karenlampi  1973). 

A  light  level  of  250  p  Einstein  m-2  sec-1,  being  close 
to  optimal  for  the  species  under  laboratory  conditions,  was 
therefore  considered  appropriate  for  subsequent  experiments. 
Whether  the  results  in  the  laboratory  are  applicable  to  the 
field  remains  to  be  established.  The  optimal  light  level 
for  H.  splendens  (14000  lux)  is  close  to  the  maximum  light 
level  in  the  storage  growth  chamber  (17000  lux),  which  may 
reflect  normal  physiology  or  result  from  acclimation.  This 
value  is  also  higher  than  that  measured  for  T.  nitens  but 
whether  this  has  any  significance  is  not  known.  "Light 
saturation"  for  T.  n ite ns  occurred  at  approximately  0.1  cal 
cm~2  min-1,  which  is  less  than  10%  of  the  maximum 
intensities  in  its  normal  habitat.  Net  assimilation  rates, 
however,  remained  fairly  constant  at  light  intensities  up  to 
0.59  cal  cm-2  min-1  (about  one-half  full  sunlight),  so  it  is 
possible  that  this  species  is  adapted  to  a  wide  range  of 
light  intensities,  and  retains  this  adaptation,  at  least  for 
periods  up  to  2.5  months,  when  grown  under  the  same 
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conditions  as  the  Feather  mosses. 

Because  of  time  and  equipment  constraints,  no  attempt 
was  made  to  measure  temperature  response  and  determine 
optimal  temperatures  for  the  species  studied.  Stalfelt 
(1937a)  found  that  optimal  temperatures  for  forest  mosses  in 
Sweden  were  typically  in  the  range  15-20°C,  with  Hy locomiu m 
s£lendens  having  an  optimal  temperature  of  18°C.  Kallio  and 
Heinonen  (1973)  measured  the  temperature  responses  of 
Pleurozium  schreberi  from  southern  Finland  and  reported  an 
optimal  temperature  of  15°C.  There  are  no  known  reports  of 
optimal  temperatures  for  Tomenthy pnuro  nitens.  Since  the 
•day'  temperature  in  the  growth  chamber  was  16°C  and  the 
mosses  were  presumably  acclimated  to  these  conditions,  it 
was  assumed  that  an  experimental  temperature  of  15°C  would 
not  be  limiting,  an  assumption  which,  though  plausible, 
remains  to  be  confirmed. 

Measurements  of  the  influence  of  water  content  on  net 
assimilation  rate,  therefore,  were  made  at  a  light  level  of 
250  p  Einstein  m~2  sec*1  and  a  moss  temperature  of  15°C. 

The  results  for  the  four  species  are  presented  in  Figs.  21 
to  24.  All  the  Figures  show  a  broadly  similar  relationship 
between  water  content  and  net  assimilation  rate.  In  each 
case  gas  exchange  ceases  when  the  water  con t en t  falls  below 
0.4  g  ®  g  dry  wt~l  and  in  at  least  three  of  the  species 
there  is  an  indication  that  desiccation  affects 
photosynthesis  more  severely  than  it  does  respiration, 
confirming  observations  by  Mayer  and  Plantefol  (1926)  and 
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Plantefol  (1927)  (loth  cited  in  Patterson  1964)  (see  also 
Slatyer  1967*.  p.  292)  -  This  differential  effect  is  most 
obvious  in  To me nth  yp num  ni tens  (Fig.  24)  ,  the  species  which 
grows  in  the  wettest  habitats,  and  was  not  detected  in 

schreberi  (Fig.  22)  ,  the  species  considered  to 
grow  in  the  driest  habitats  (e.g.  Abel  1956).  This 
phenomenon  is  unlikely  to  have  a  direct  effect  on  relative 
growth  rates  but  may  reflect  important  differences  in  cell 
physiology,  particularly  with  regard  to  drought  tolerance. 

There  is  also  a  distinct  depression  of  net  assimilation 
rates  at  high  water  contents,  a  phenomenon  which  has  been 
observed  in  many  bryophyte  species  and  generally  attributed 
to  the  resistance  to  gas  exchange  of  water  films  on  the  moss 
surface  (Fraymouth  1928,  Stalfelt  1937a,  Tallis  1959). 

The  optimal  water  content  for  net  assimilation  in 
iiXiQ.comi.um  splendors  was  found  to  be  between  3  and  6  g  ®  g 
dry  wt~ 1  (Fig.  22)  ,  which  is  comparable  with  2  to  4  g  ®  g 
dry  w  t~ 1  reported  by  Stalfelt  (1937a).  The  optimal  water 
content  for  Pleurozium  schreberi  was  also  between  3  and  6  g 

— —  —  —  — - T-*  - - -  ■  ■ 

*  g  dry  wt”1  (Fig.  23)  ,  and  comparable  with  2  to  4  g  ®  g  dry 
wt~i  reported  by  Kallio  and  Heinonen  (1973).  The 
differences  between  the  experimental  and  published  values 
may  be  due  to  differences  in  gametophyte  morphology  in 
different  populations,  physiological  adaptation,  or 
differences  in  technique. 

The  average  net  assimilation  rate  recorded  for 
Hy loco mi  urn  splendpns  at  optimal  water  contents  was  3.7  mg 


- 
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CO^  *  g  dry  wt-1  ©  hr-1  (all  subsequent  values  are  in  these 
units).  This  is  close  to  the  3.2  reported  by  Stalfelt 
(1937a)  and  2.5  reported  by  Kallio  and  Karenlampi  (1973). 

The  average  rate  for  Pie  uroziu  m  schreberi  was  2.9,  compared 
with  2.0  reported  by  Stalfelt  (1937a)  and  1.1  by  Kallio  and 
Karenlampi  (1973).  The  value  for  Ptil ium  crista-castrensis 
was  2.8,  compared  with  3.4  reported  by  stalfelt  (1937a). 

The  average  rate  for  Tomenthyp n u m  nitens  was  1.3,  and  no 
previously  published  values  are  known. 

Relationships  between  water  content  and  water  potential 
for  Hylocomium  splendens,  Eleurczium  schreberi ,  Ptilium 
crista-castrensis,  and  Tomen  th  ypnum  nitens  are  presented  in 
Figs.  25  to  28.  It  can  be  seen  that  there  are  no 
significant  differences  between  wetting  and  drying  curves 
and  that  differences  among  the  species  are  minor.  In  fact 
the  relationships  for  the  species  in  this  study  are  similar 
to  those  obtained  by  Klepper  (1963)  for  Dicranum  scoparium. 
Willis  (1964)  for  Tortula  r ura lif or mis,  and  by  Bayfield 
(1973)  for  Rhacomitriu m  lanugi ncsum  (when  re-calculated  and 
plotted  to  the  same  scale).  The  small  differences  between 
the  species  could  well  reflect  differences  in  cell  wall 
structure,  cell  matric  and  osmotic  potentials,  or  other 
parameters  which  could  be  important  in  tolerance  of  and 
recovery  from  desiccation,  but  this  has  yet  to  be 
established. 

VJater  potential  values  of  -10,  -100,  and  -1000  bar  are 
indicated  on  Figs.  21  to  24.  Values  closer  to  zero  are 
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Hylocomium  splendens :  water  potential  vs.  water 
content.  O  =  drying  curve;  A  =  wetting  curve. 


Figure  25. 
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Pt. ilium  cris ta-castrensis :  water  potential  vs. 
water  content.  0=  drying  curve;  ◄  =  wetting  curve. 


Figure  27. 
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Tomenthypnum  nitens :  water  potential  vs.  water 
content.  0=  drying  curve ;  ^  =  wetting  curve. 


Figure  28. 


difficult  to  determine.  The  water  contents  of  mosses  near 
equilibrium  over  distilled  water  are  all  in  the  region  of 
1.5  to  2.5  g  ®  g  dry  wt*1 f  so  water  potentials  must  be  close 
to  zero  at  these  values.  They  will  be  slightly  less  than 
zero,  however,  because  of  osmotic  and  matric  potentials, 
particularly  in  the  cell  walls  (cf.  Slatyer  1967,  p.148). 

There  is  a  significant  decline  in  net  assimilation 
rates  in  all  species  at  water  potentials  between  0  and  -10 
bar.  This  is  in  agreement  with  Slatyer's  (1967,  p.292) 
statement  that  "In  general,  reductions  in  apparent 
photosynthesis  occur  at  water  potentials  close  to  zero." 

The  effect  of  water  stress  on  net  assimilation  rates  appears 
to  be  similar  in  all  four  species. 

Water  contents  at  equilibrium  over  distilled  water  are 
much  lower  than  the  water  contents  of  saturated  moss. 

Maximum  water  contents  for  the  four  species  were  determined 
by  saturating  the  mosses  with  water  and  allowing  them  to 
drain  for  several  minutes  before  sampling.  The  following 
water  contents  (g  ©  g  dry  wt_1)  were  obtained:  Hylocomium 
splendens  12.5,  Pleurozium  schreberi  15.7,  P ti lium  crista- 
castr ensis  17.1,  and  Tomenth  yp  num  Pi tens  10.9.  Since  the 
equilibrium  water  contents  of  the  mosses  over  distilled 
water  were  only  10-20%  of  these  values,  the  data  suggest 
that  some  80-90%  of  the  water  retained  by  saturated  moss  is 
held  externally  in  leaf  axils  and  in  capillary  films  on  the 
leaves  and  stems.  Presumably  the  water  contents  over 


distilled  water  mark  the  boundary  between  "internal"  and 
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" external*'  water,  concepts  which  have  been  used  frequently 
in  studies  of  bryophyte  ecology  (e.g.  Gimingham  and  Smith 
1971r  Hebrard  1974).  No  water  stress  occurs  until  this 
"external"  water  has  evaporated,  and  the  time  taken  for  this 
to  happen  is  the  time  during  which  photosynthesis  can  take 
place. 

One  complicating  factor,  however,  is  that 
photosynthesis  rarely  commences  immediately  upon  wetting. 
There  is  generally  a  delay,  the  length  of  which  depends  on 
several  factors,  seme  of  which  have  been  previously 
investigated,  for  example  by  McKay  (1935),  Stalfelt  (1937a), 
Patterson  (1943),  Tallis  (1959,1964),  Hinshiri  and  Proctor 
(1971),  Lee  and  Stewart  (1971),  Bewley  and  Thorpe  (1974)  and 
Peterson  and  Mayo  (1975).  It  appears  that  the  duration  cf 
the  delay  depends,  among  other  factors,  on  the  species,  the 
duration  of  the  previous  dry  period,  and  the  number  of  prior 
wetting/ dry ing  cycles. 

An  additional  feature  of  interest  is  the  pronounced 
respiration  burst  detectable  immediately  after  wetting  (see 
also  Willis  1964,  hinshiri  and  Proctor  1971,  Proctor  1972, 
Bewley  and  Thorpe  1974,  Bewley  et  al.  1974,  Dilks  and 
Proctor  1974,  Bewley  and  Gwozdz  1975,  Peterson  and  Mayo 
1975).  Respiration  rates  for  the  Feather  mosses  in  the 
first  10  min  after  wetting  are  presented  in  Table  7.  These 
respiration  rates,  which  were  measured  at  250  p  Einstein  m~2 
sec-1  and  15°C,  are  considerably  higher  than  the  dark 
respiration  rates  cf  metabolic  ally  "normal"  moss  at  15°C, 
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Table  7.  Respiration  0-10  min  after  wetting 

(at  250  p  Einstein  m-2  s ecr1  and  15°C) 
compared  with  respiration  in  the  dark  at  4°C  and 
1 5° C  (mg  CC^  «•  g  dry  wt*1  ®  hr~l).  Values 
are  means  with  standard  errors  in  parentheses. 


Species 

0-10  min 
hf  ter 
Wetting 

- - - - 

Res  pira  tion 
in  the  Dark 

1 5°C  4°C 

H y loco min m  s plendens 

-1.46 

(±0..  029) 

-0.73 

(±0.099) 

-0.31 
(±0.  034) 

Pleurozium  schreberi 

-2.  18 
(±0.1 13) 

-0.81 

(±0.033) 

-0.34 

(±0.020) 

Ptilium  cr ista-castrensis 

-2.53 
(±0.  137) 

-0.77 
(±0.  044) 

-0.34 

(±0.022) 

To me nth ypnum  nitens 

-0.82 

(±0.057) 

-0.40 

(±0.005) 

normal  in  this  case  meaning  moss  which  is  capable  of 
carrying  out  photosynthesis  in  the  light.  Dark  respiration 
rates  increase  with  temperature  (compare  the  rates  at  1 5 °C 
with  those  at  4°C  in  Table  7) ,  but  the  rates  achieved  in  the 
first  10  min  after  wetting  are  considerably  higher  than  dark 
respiration  rates  at  temperatures  likely  to  occur  in  the 
field.  This  indicates  that  iretabolic  pathways  different 
from  those  involved  in  normal  dark  respiration  are  involved, 
a  problem  which  has  been  investigated  by  Bewley  and  Thorpe 
(1974)  and  Bewley  and  Gwozdz  (1975)  among  others. 


. 
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2.  External  Anatoiry  and  Water  Movement 


The  complex  relationships  between  water  potential  and 
“internal"  and  “external"  water,  and  effects  of  water  on  the 
initiation,  maintenance,  and  decline  of  net  assimilation, 
prompted  an  investigation  of  the  source,  distribution,  and 
loss  of  water  in  the  moss  canopy  systems. 

The  primary  source  of  water  in  the  mire  complex  is 
rainfall,  however  ground  water  in  the  fen  is  apparently  a 
significant  source  for  Tomenth ypnum  nit ens .  Measurements  of 
apical  water  contents  in  this  species  in  early  July  1975 
showed  water  contents  of  up  to  4.6  g  ®  g  dry  wt_1  three  days 
after  rain,  and  over  3  g  ®  g  dry  wt~ 1  ten  days  after  rain. 
Since  evaporation  stress  during  this  period  was  very  high 
(Fig.  12,  p-53) ,  the  most  likely  explanation  for  these  high 
water  contents  is  supply  of  water  from  below. 

The  Feather  mess  species,  on  the  other  hand,  occupy 
better  drained  sites  (Birse  1958a).  Tamm  (1953,  pp. 82-101) 
discussed  the  supply  of  nutrients  and  water  to  H ylocomi urn 
spl enden s  and  concluded  (p- 101)  that  "The  old  view  that 
Hy locomium  spl en dens  and  similar  mosses  obtain  their 
nutrients  and  water  from  below  meets  with  serious 
difficulties  when  it  comes  to  the  interpretation  of  the 
experimental  results"  (see  also  Watson  1960).  The  primary 
source  of  water  for  the  Feather  mosses,  therefore,  appears 
to  be  precipitation,  which  raises  the  question  of  the  extent 


to  which  external  anatomy  and  canopy  morphology  of  the 


different  species  are  adapted  to  the  source  and  direction  of 
movement  of  the  water  supply. 

Morphological  features  which  most  strongly  influence 
direction  and  rate  of  external  water  movement  are  density 
and  orientation  of  the  stem  leaves  (cf.  Bowen  1931; 

Magdefrau  1935;  Anderson  and  Bordeau  1955;  Barkman  1958, 
p.78;  and  Tallis  1959)  and  the  presence  of  a  tomentum  of 
rhizoids,  or  paraphyllia  (Richards  1959).  Structure  and/or 
chemical  composition  of  the  external  surface  of  the  leaf  and 
stem  also  appear  to  be  important  in  reducing  surface 
tension,  thus  facilitating  movement  of  water  up  the  stem. 

The  height  to  which  water  can  rise  by  capillarity  on 
the  outside  of  individual  garaetcphytes  was  investigated  by 
observing  the  distance  which  water  moved  up  dry  steins  cut  to 
certain  lengths  and  placed  with  their  bases  in  water  in 
small  glass  cylinders.  In  all  species  water  was  able  to 
reach  the  apex  from  a  depth  of  h  cm  and  in  all  except 
Pleurozium  sc hrebe ri  water  reached  the  apex  from  a  depth  of 
6  cm  .  In  Ky locomi um  splende  ns  and  Tomenthypnu m  nit ens, 
water  was  able  to  reach  the  stem  apex  from  a  depth  of  8  cm, 
presumably  due  to  the  presence  cf  paraphyllia  on  the  stem  of 
the  former  and  the  dense  tomentum  of  rhizoids  on  the  leaf 
bases  of  the  latter. 

The  increasing  resistance  to  water  movement  with  depth 
observed  in  the  Feather  mosses  appears  to  be  due  to 
decomposition  and  eventual  loss  of  stem  leaves.  This  loss 


of  stem  leaves  was  observed  in  all  the  species  and  is 
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probably  responsible  for  the  decrease  in  capacity  for  net 
assimilation  with  depth  which  was  previously  discussed. 

Near  the  apical  region  of  the  stems,  water  movement  appears 
to  proceed  in  the  following  way:  liquid  water  reaches  the 
base  of  the  first  leaf,  the  cells  and/or  cell  walls  at  the 
leaf  base  absorb  the  water  and  the  leaf  begins  to  expand. 
Simultaneously  water  moves  rapidly  up  the  folds  in  the  leaf 
towards  the  leaf  apex  and  from  there  moves  out  across  the 
entire  lamina.  As  the  leaf  expands  away  from  the  stem  more 
water  is  drawn  into  the  leaf  axil,  which  acts  as  a  reservoir 
from  which  water  eventually  rises  into  the  axil  of  the  next 
leaf  up  the  stem,  and  so  on. 

The  species  best  adapted  fcr  external  water  transport 
up  the  stem  appears  to  be  Tome nthy pnum  nitens  with  its  dense 
tomentum,  followed  by  Hylpcomi um  splen dens ,  Pt ilium  crista- 
castrensis  and  then  Pi euro zium  schreberi.  Even  though  there 
is  considerable  variation  among  different  populations  of  the 
same  species  in  stem  morphology  and  extent  of  decomposition, 
there  appears  to  bs  a  close  link  between  water  transport 
adaptations  and  habitat;  T.  nitens  grows  in  the  wettest 
sites  while  the  habitat  of  P.  schreberi  is  comparatively 
xer ic. 

The  four  species  also  differed  in  the  extent  to  which 
water  was  able  to  move  from  the  apex  down  the  stem. 
Experiments  were  conducted  in  which  drops  of  water  were 
added  to  the  apices  of  dry  stems  and  the  subsequent  movement 
of  the  wetting  fronts  observed.  In  Tomenthypnum  nitens 
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water  moved  freely  through  the  tomentum  to  the  stem  base. 
Since  this  species  has  a  comparatively  low  water  holding 
capacity  (see  section  IV. 3. c  above),  this  suggests  that  much 
of  the  rain  falling  on  the  moss  in  the  field  would  be 
transported  down  through  the  canopy  and  added  to  the  ground 
water  supply,  rather  than  retained  in  the  apical  region. 
Transport  of  water  away  from  the  apical  region  would  prevent 
inhibition  of  net  assimilation  by  high  water  contents 
(IV. 3. c)  ,  and  the  incorporation  of  this  water  into  the 
ground  water  table  would  allow  re-transport  of  water  up  the 
stems  on  a  future  occasion  when  evaporation  stress  was  high. 
It  is  possible,  however,  that  a  low  resistance  to  water 
transport  down  the  stem  confers  no  particular  advantages  to 
the  species  but  is  simply  a  corollary  of  low  resistance  to 
transport  up  the  stem. 

In  the  Feather  mosses  water  moved  via  the  stem  leaves, 
as  in  upward  transport,  but  the  process  was  somewhat 
different.  Instead  of  moving  into  the  leaf  axil  and  then 
building  up  until  drawn  into  the  axil  of  a  leaf  higher  up 
the  stem,  as  described  above,  the  water  builds  up  in  the 
leaf  axil  but  tends  not  to  move  to  the  one  below  it  unless 
it  physically  overflows  into  it.  In  other  words,  unless  the 
amount  of  water  available  to  move  down  the  stem  is  high,  the 
water  tends  to  remain  in  the  region  of  the  apex.  It  will  be 
shown  in  a  later  section  how  the  tendency  of  water  to  remain 
in  the  region  of  the  apex  after  rain  might  be  advantageous 
to  the  Feather  mosses  while  possibly  having  an  inhibitory 
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effect  on  T.  nit e ns. 

Resistance  to  water  movement  in  either  direction  would 
probably  increase  as  water  content  decreased  and  the 
capillary  connections  between  the  leaves  and  along  the  stem 
were  broken.  Vertical  water  movement  would  be  expected  to 
decrease  significantly  at  this  point*  even  though  a 
considerable  gradient  in  water  potential  may  develop. 
Peterson  and  Mayo  (1975)*  for  example,  reported  a  water 
potential  gradient  of  15  atm  over  a  distance  of  4  cm  in 
pier  a nu m  poly setum  and  supported  the  suggestion  of  Anderson 
and  Bordeau  (1955)  that  water  is  not  transported  under  these 
conditions  but  used  locally  by  the  adjacent  leaves. 
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3.  Microclimate  and  Bryophyte 

a)  Tome  njUp^pnqnn  ni  tens 

The  correlations  between 
the  apical  region  and  between 
raised  the  question  of  whether 
were  responsible  fcr  the  diffe 
was  shown  above  (III. 2)  that, 
contents  of  moss  with  green  ap 
yellow  apices  2.09±0„14;  and  b 
(meants.e.).  When  these  water 
with  respect  to  the  net  assimi 
curve  in  Fig.  24,  it  is  appare 
material  with  green  apices  cor 
maximum  net  assimilation,  and 
67%  of  the  maximum.  At  a  wate 
that  of  brown  apices,  there  is 
net  loss  of  carbon.  It  would 
assuming  that  growth  is  correl 
rate,  differences  in  apical  wa 
for  the  differences  in  growth 
categories  of  Tome  nth ypn urn  nit 
Rates  of  length  increase 
categories  show  some  variation 
Assuming  that  growth  is  closel 
it  can  be  seen  that  growth  rat 
then  showed  a  more  or  less  ste 


Growth 

length  increase  and  colour  of 
colour  and  water  content 
differences  in  water  content 
rences  in  growth  rates.  It 
in  nine  samples,  water- 
ices  averaged  3.44±0.23;  with 
rown,  0.35±0.11  g  ®  g  dry  wt~ 1 
content  values  are  examined 
lation  versus  water  content 
nt  that  the  water  content  of 
responded  to  90%  of  the 
that  of  yellow  apices  averaged 
r  content  corresponding  to 
either  no  gas  exchange  or  a 
appear,  ther ef or e,  that, 
ated  with  net  assimilation 
ter  contents  were  responsible 
rate  of  the  various  colour 
ens  in  the  field, 
in  the  various  colour 
during  the  season  (Fig.  16). 
y  related  to  length  increment, 
es  increased  from  May  to  June 
ady  decrease  until  October.  A 
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similar  seasonal  growth  pattern  has  been  reported  for 
Aulacomnium  pal ustre  by  Teczynska-Kamecka  (1974).  Growth 
rates  were  probably  low  during  early  May  because  the  ground 
water  in  the  fen  was  frozen  (Fig.  10,  p.48),  and  low 
temperatures  in  the  moss  canopy  probably  also  contributed  to 
limiting  growth  in  Cctober. 

Since  apical  water  contents  appeared  to  be  responsible 
for  differences  in  growth  rates,  changes  in  growth  rate 
during  the  season  night  be  correlated  with  changes  in  one  of 
the  parameters  affecting  the  water  contents.  Mean  length 
increments  for  each  colour  in  each  month  were  calculated  as 
a  percentage  of  the  total  length  increment  for  that  colour 
during  the  season  and  these  are  shown  in  Table  8,.  Moss  with 
brown  apices  showed  no  growth  during  the  season  and  was  not 
included.  Growth  of  moss  of  this  category  after  mid-August 
was  due  to  the  production  of  new  shoots  which  will  be 
discussed  below. 

The  mean  percentages  from  Table  8  were  compared  with 
total  monthly  precipitation  (Fig.  29e)  and  the  correlation 
coefficient  was  found  to  be  0.92.  This  high  correlation 
suggests  that  rainfall  had  some  direct  or  indirect  effect  on 
growth.  Rainfall  could  affect  growth  either  through  the 
freguency  of  precipitation  or  through  some  form  of  rain 
water  storage,  where  the  amount  of  growth  after  rain  is 
proportional  to  the  amount  stored.  Freguency  of  rain  was 
considered  to  be  a  minor  factor  since  the  correlation 
between  growth  and  the  number  cf  wet  days  in  each  month  was 


' 


118 


mjjasomjjaso 


Figure  29.  Growth  of  Hylocomium  splendens  (relative  to  1973  layer) 
compared  with  selected  environmental  factors. 
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Table  8.  Mean  length  increments  for  three  of  the  colour 
categories  of  Tomen thypnum  nitens  in  1975  as 
percentages  of  total  length  increments. 


Colour  Category 


Month 

Green 

Yellow- 

green 

Yellow- 

brown 

Me  a  n 

May 

20 

15 

10 

15 

June 

33 

35 

30 

33 

July 

17 

20 

30 

22 

August 

17 

15 

20 

17 

September 

13 

10 

10 

1 1 

October 

0 

5 

0 

2 

only  0.72  and  field  measurements  had  shown  high  apical  water 
contents  up  to  12  days  after  rain  (see  IV. 2  above),  thus 
indicating  a  relative  independence  of  rainfall  per  se.  The 
influence  of  rainfall  on  growth,  therefore,  must  be 
manifested  through  storage  of  water  either  in  the  moss 
canopy  or  in  the  ground  water  table.  Canopy  water  holding 
capacity  depends  on  stem  morphology  and  density  and  probably 
varies  somewhat  with  the  variation  in  canopy  morphology 
noted  above  (III. 4) .  Since  T.  nitens  has  a  low  resistance 
to  water  movement,  and  assuming  that  this  resistance  is  more 
or  less  constant  with  depth,  it  is  reasonable  to  conclude 
that  rate  of  water  movement  in  the  canopy,  and  hence  the 
canopy  water  content,  is  controlled  by  ground  water  level 
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under  conditions  of  constant  evaporation  stress.  Ground 
water  level,  therefore,  may  be  important  in  controlling 
field  growth  rates.  Additional  evidence  for  this  hypothesis 
was  obtained  from  transplants  (discussed  below)  which  shewed 
that  growth  rates  were  negligible  in  habitats  where  no 
ground  water  was  available. 

During  the  1975  season  the  water  level  in  the  fen  was 
measured  relative  to  a  metal  rod  embedded  to  a  depth  of 
about  1.5  m  in  the  peat.  The  correlation  coefficient 
between  weekly  variation  in  water  level  and  rainfall  was 
poor  (0.35),  but  when  the  correlation  between  water  level 
variation  and  precipitation  minus  estimated  weekly 
evaporation  was  calculated,  the  coefficient  was  0.65.  The 
evaporation  data  were  obtained  from  Fig.  12  and  additional 
data  for  May  and  June  estimated  from  the  water  vapour 
deficits  in  Fig.  11.  Relative  to  the  level  at  the  beginning 
of  May,  the  mean  monthly  water  levels  from  May  to  October 
were  35,58,86,120,110,  and  110  mm  lower.  The  correlation 
coefficient  between  these  values  and  average  growth  was  only 
-0.48.  However  the  ground  water  was  frozen  in  early  May  and 
late  September  and  growth  may  have  been  limited  at  these 
times  by  low  temperatures  and/or  water  stress  due  to  reduced 
rates  of  transport  through  the  canopy.  When  the  May  and 
October  values  were  excluded  from  the  calculations,  the 
coefficient  was  found  to  be  -0.91.  This  value  was  not 
statistically  significant  and  should  be  interpreted  with 
caution.  The  inaccuracies  in  estimating  the  growth  rates. 
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the  complex  nature  of  water  level  fluctuations  and  canopy 
water  content  fluctuations,  and  the  low  number  of  samples 
all  contribute  to  difficulties  in  assessing  the  reliability 
of  this  correlation.  It  seems  reasonable,  however,  to 
suggest  that,  while  rainfall  is  probably  the  ultimate 
controlling  factor,  growth  of  T.  nitens  is  limited  by  low 
temperature  at  the  beginning  and  end  of  the  season  and  by 
increasing  depth  to  the  water  table  during  the  summer. 

If  growth  of  1.  nitens  was  influenced  by  variation  in 
the  ground  water  level  in  the  fen,  then  this  effect  must 
occur  through  variation  in  water  content  of  the  moss  apices. 
From  the  relationship  between  water  content  and  colour  of 
the  apical  region,  outlined  above,  it  would  be  expected  that 
the  colour  of  individual  stems  would  change  during  the 
season.  No  attempt  was  made  to  monitor  colour  changes  in 
the  field,  but  examination  of  field  notes  provided  no 
evidence  that  significant  changes  occurred;  samples  assigned 
to  a  particular  colour  category  near  the  beginning  of  the 
season  tended  to  remain  in  that  category  and,  when  changes 
were  noted,  no  particular  trend  was  evident. 

The  correlation  coefficient  between  growth  and  mean 
daily  global  short-wave  radiation  (monthly  means  obtained 
from  Fig.  4,  p.27)  was  fairly  high  (0.84).  The  light 
response  curve  of  the  growth  chamber  material  (Fig.  20, 
p . 9 5)  showed  a  "light  saturation"  of  8000  lux  (IV.I.c), 
which  is  only  about  8%  of  full  sunlight.  This  material, 
however,  may  have  been  acclimated  to  the  chamber  conditions 
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(maximum  illumination  16900  lux),  so  the  results  may  not  be 
applicable  to  the  field.  since  this  species  is  exposed  to 
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changes  in  the  water  table  and  the  decomposition  rate.  Due 
to  the  numerous  sources  of  error  in  this  analysis  these 
conclusions  must  be  regarded  as  being  tentative  and  subject 
to  confirmation  by  further  studies. 

b)  Hylocomium  sple ndens 

This  species  has  a  complex  phenology  (see  III. 3  above) , 
which  makes  it  difficult  to  relate  growth  rate  to 
environment.  In  1975  each  of  the  1974,  1975  and  future  1976 
layers  showed  seme  growth  (cf.  Tamm  1953,  p.27),  thus  it  was 
necessary  to  consider  all  these  layers  in  evaluating  the 
growth  rate  of  the  species.  The  biomass  increases  of  the 
1974,  1975  and  1976  layers  during  each  month  of  the  1975 
season,  obtained  from  Fig.  17  (p-74),  are  shown  in  Table  9, 

along  with  the  total  biomass  increase  in  each  month.  Values 
in  Table  9  represent  increases  relative  to  the  1973  layer 
but  can  be  converted  to  mg  by  multiplying  by  12.8,  since  the 
average  biomass  per  stem  of  the  1973  layer  was  12.8±0.11  mg 
(meants . e. ,  n=2038).  If  Tamm  (1953,  p.21)  is  correct  in 
stating  that  ”... growth  may  be  loosely  equated  with  dry 
matter  increase”,  then  the  monthly  totals  for  biomass 
increase  can  be  readily  correlated  with  environmental 
factors  in  attempting  to  elucidate  factors  which  control 
growth  rate. 

The  assumption  which  is  implicit  in  this  approach  is 
that  biomass  increase  is  small  compared  with  the  pre- 
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Biomass  increase  in  layers  of  Hy loco mi urn 
splendens  in  1975  expressed  as  ratios  cf  the 
1973  layer. 


— *  ■“  "  ■  "  — 

Month 

1974 
La  yer 

Biomass 
(Relative  to 
1975 
Layer 

Increase 

1973  Layer) 
1976 

Layer 

Total 

Ma  y 

0.26 

0.  05 

0 

0.31 

June 

0.08 

0.  07 

0 

0.15 

July 

0.0  4 

0.1  0 

0 

0.14 

A  ug  ust 

0 

0.  22 

0.0  1 

0.23 

Sept  ember 

0 

0.  16 

0.01 

0.17 

October 

0 

0.  06 

0.01 

0.07 

existing  biomass,  or  "standing  crop",  and  so  changes  in  rate 
of  increase  can  be  attributed  mainly  to  external 
environmental  factors.  If  each  layer  of  this  species, 
however,  is  essentially  independent  of  the  layers  below  it, 
then  the  biomass  increase  of  each  layer  should  be  related  to 
the  standing  crop  of  that  layer.  In  this  case  the 
relationships  between  growth  and  environmental  factors  would 
be  complicated  by  phenological  factors  such  as  initiation  of 
new  layers  and  senescence  of  older  ones.  Tamm  (1953,  p-60), 
for  example,  stated  that  "In  all  probability  most  of  the 
nutrients  taken  up  by  Hylocomi um  splendens  are  absorbed  by 
the  growing  organs  themselves",  and  (p. 119)  that  “...of  the 
nutrients  and  photcsynthates  used  by  the  young  segment  in 
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its  growth,  relatively  little  is  supplied  by  the  parent 
segment. M 

If  nutritional  independence  oi  the  layers  is  assumed, 
then  the  growth  of  the  species  can  be  expressed  as  the 
monthly  biomass  increase  of  each  layer  relative  to  the 
average  standing  crop  of  that  layer  in  that  month 
(Table  10).  This  Table  shows  that  high  growth  rates  were 
achieved  in  May,  June  and  Jiugust,  with  intermediate  growth 
rates  in  July  and  September  and  a  low  growth  rate  in  October 
(cf.  Longton  1972c)  .  These  data  show  a  close  relationship 
to  the  totals  in  Table  9,  and  in  fact  the  means  in  Table  10 
show  trends  identical  to  the  trends  in  the  Table  9  totals 
(correlation  coefficient  0.96)  .  The  relative  rates  of 
growth  in  each  month,  therefore,  appear  to  be  similar 
whether  the  layers  are  considered  nutritionally  independent 
or  not.  In  the  absence  of  any  experimental  evidence  which 
could  distinguish  between  these  growth  models,  the  monthly 
totals  from  Table  9  were  used  to  represent  growth  of  H. 
splende n s  in  19  75  and  are  compared  in  Fig.  29  (p.118)  with 

trends  in  various  environmental  parameters. 

Comparison  of  the  growth  of  Hylocomium  splendens 
(Fig.  29a)  with  mean  daily  global  short-wave  radiation 
(Fig.  29b)  shows  that  the  correlation  is  poor  (correlation 
coefficient  0.50).  Some  workers  have  suggested  that  light 
may  limit  Feather  noss  growth.  Tamm  (1953,  p. 41-45) 
discussed  the  relationship  between  light  levels  and  spatial 
variation  in  production  of  H.  splendens  and  concluded 
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Table  10,  Biomass  increase  in  layers  of  Fly  loco  mi  um 

splendens  in  1975  relative  to  pre-existing 
biomass  (Standing  Crop) . 


Biomass  increase  Relative 
to  Layer  "Standing  Crop" 


Month 

1974 
la  ye  r 

1975 

Layer 

1976 

Layer 

Mean 

Ma  y 

0.34 

1.11 

0 

0.48 

June 

0.09 

0.  67 

0 

0.25 

July 

0.04 

0.53 

0 

0.19 

A  ugust 

0 

0.63 

0.  67 

0.43 

September 

0 

0.30 

0.40 

0.23 

October 

0 

0.09 

0.29 

0.13 

(p.109)  that  "...there  seems  to  be  little  doubt  that  light 
deficiency  limits  moss  growth  beneath  a  dense  canopy..." 
Tarkhova  and  Ipatov  (1975)  experimentally  manipulated  light 
levels  over  a  Feather  moss  canopy  and  concluded  that  "The 
detrimental  influence  of  severe  shading  [illumination  5-10% 
of  that  in  open  areas]  on  all  species  was  slight  but 
reliable...",,  and  Heetman  and  Timmer  (1967)  noted  that 
"Maximum  green  moss  yield  [Feather  mosses]  is  attained 
beneath  a  canopy  which  intercepts  about  60%  of  the  total 
light  intensity.  At  lower  light  intensities  moss  growth  is 
lower."  Birse  (1958b)  also  implied  that  light  can  be 
limiting  in  stating  that  "Species  of  the  Weft  form  [which 
includes  the  Feather  mosses]  occur  where  illumination  is 
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least  reduced  by  taller  plants."  On  the  other  hand  Pessin 
(1925)  and  Barkman  (  1958,  p -  17  1)  considered  direct  effects 
of  illumination  to  be,  in  general,  of  secondary  importance 
in  the  growth  and  distribution  cf  epiphytic  bryophytes. 

In  this  study  radiation  levels  under  the  Pice a  mariana 
canopy  (Fig.  29b)  varied  from  an  average  of  71.6  cal  cm-2 
day-i  in  July  to  22.2  cal  cr2  day-1  in  October.  With  a 
daylight  period  of  16.4  hr  in  July  and  10.4  hr  in  October 
(Environment  Canada  1974),  these  light  levels  average  0.073 
and  0.036  cal  cm-2  min—1  respectively.  Van  Zinderen  Bakker 
(1974,  Appendix  F)  measured  light  levels  in  a  Picea  mariana 
forest  and  my  evaluation  of  his  data  showed  that  the 
relationship  between  Photosy nt hetically  Active  Radiation 
(PAR,  p.  Einstein  m~2  sec”1)  and  global  short-wave  radiation 
(R,  cal  cm^2  mi.n-i)  was: 

log  EAR  =  0.979  log  R  +  3.109. 

This  equation  accounted  for  98%  of  the  variance.  The  light 
levels  of  0.073  and  0.036  cal  cir-2  min~i  correspond  to  99.1 
and  49.6  p  Einstein  m~2  sec~i.  These  values,  on  comparison 
with  the  H.  §£lendens  light  response  curve  (Fig.  19,  p.94), 
correspond  to  net  assimilation  rates  of  2.7  and  2.2  mg  CO^  « 
g  dry  wt~i  »  hr- i .  Assuming  that  growth  rate  is  correlated 
with  net  assimilation  rate,  these  data  indicate  that  light 
is  unlikely  to  be  a  significant  factor  in  controlling  growth 
rates,  even  late  in  the  season,  since  a  69%  decrease  in 
average  radiation  level  from  July  tc  October  would  be 
expected  to  cause  cnly  a  19%  decrease  in  average  net 
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assimilation  rate*  whereas  the  actual  decrease  in  growth  was 
closer  to  50%.  If  this  species  is  able  to  adapt  to  changing 
light  levels  (cf.  Bosokawa  et  al.  1964,  Kallio  and  Heinonen 
1973),  then  the  effects  on  net  assimilation  may  be  even  less 
significant.  There  is  also  no  apparent  relationship  between 
radiation  and  growth  rate  in  mid-summer.  It  is  unlikely 
that  high  radiation  levels  in  June  and  July  would  be 
responsible  for  depressing  the  growth  rate  even  though  high 
light  levels  inhibit  net  assimilation  (Fig-  IS,  p.94).  Even 
during  October  the  average  light  level  would  allow  an 
average  net  assimilation  rate  which  is  65%  of  maximum,  and 
this  level  must  be  exceeded  freguently  during  the  middle  of 
the  day. 

This  analysis  of  the  influence  of  light  intensity  on 
moss  growth  is,  of  course,  highly  simplified  and  the 
conclusions  must  be  regarded  as  tentative  until  confirmed  by 
more  thorough  studies. 

Comparison  of  the  growth  of  H.  splendens  (Fig-  29a) 
with  mean  monthly  air  temperature  (Fig.  29c)  also  shows  a 
very  poor  correlation  (correlation  coefficient  0.15).  The 
low  growth  rates  in  Cctober  might  be  due,  in  part,  to  low 
temperature  (cf.  Tallis  1959,  1964),  however  low 
temperatures  may  be  advantageous  because  there  is  evidence 
that  respiration  rate  is  lowered  more  than  photosynthesis 
(Tamm  1953,  p .  102)  -  Other  workers  have  also  stated  that  air 
temperature  appears  to  have  little  direct  influence  on 
bryophyte  growth  (e.g.  Pessin  1  925;  Barkman  1958,  p.  171; 
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Pitkin  1975)  .  Responses  of  net  assimilation  rate  to 
temperature  were  net  measured  in  this  study,  but  the  results 
of  other  studies,  for  example  Stalfelt  (1937a),  and  the  poor 
correlation  between  temperature  and  growth,  indicate  that 
air  temperature,  per  se,  is  not  a  significant  factor  in 
limiting  growth., 

Comparison  of  the  growth  cf  H.  splendens  with  mean 
vapour  pressure  deficit  (VPD)  at  1300-1800  hr  (Fig*  29d) 
shows  a  correlation  coefficient  of  -0.76  from  May  to 
September,  but  this  coefficient  falls  to  -0.09  when  data 
from  October  are  added.  As  Barkman  (1958,  p.69)  noted, 
water  loss  and  supply  (except  precipitation)  depend  on  VPD 
and  this  factor  has  been  considered  by  many  workers  to  be 
extremely  important  in  controlling  bryophyte  growth  and 
distribution,  for  example  Pessin  (1925)  and  Clausen  (1964). 
Tallis  (1959)  considered  that  Rhaccmit rium  lanugi no sum  is 
confined  to  areas  with  oceanic  climates  because  of 
deleterious  effects  of  low  humidities  (see  also  Kallio  and 
Heinonen  1973).  It  seems  probable  that  high  VPDs  are  at 
least  partially  responsible  for  limiting  growth  of  H. 
sple nde ns  in  mid-summer. 

Comparison  of  the  growth  of  H.  splendens  with  total 
monthly  precipitation  (Fig.  29e)  shows  a  poor  correlation 
(correlation  coefficient  0.16).  Other  workers,  for  example 
Tamm  (1953,  p.47,110),  Barkman  (1958,  p.64,171)  and  Pitkin 
(1975) ,  have  stated  that  growth  of  mosses  in  dry  habitats  is 
not  controlled  by  absolute  amounts  of  precipitation;  however 
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they  did  indicate  that  intensity  and,  particularly, 
frequency  of  rainfall  are  very  important.  This  is 
significant  because,  as  Tamm  (1953,  p. 48)  pointed  out,  “The 
really  important  thing  is  probably  the  time  when  the  moss 
carpet  is  wet  enough  to  photos ynthesize. " 

In  the  present  study  an  attempt  was  made  to  estimate 
the  number  of  days  in  each  month  during  which  the  moss  was 
wet  enough  to  phot csynthesize.  For  each  month  the  number  of 
days  in  which  rainfall  exceeded  1  mm  was  noted.  It  was 
assumed  that  rainfall  of  less  than  1  mm  was  completely 
intercepted  by  the  tree  canopy  (see  II. 3  above) . 

Samples  collected  during  June  and  July  in  1974  and  1975 
showed  that  moss  apical  water  contents  declined  to 
0-15±0.011  g  «  g  dry  wt-1  (mean+s.e.,  n=9)  within  three  days 
after  rain  (cf-  Stalfelt  1937b).  At  these  values  the  water 
potentials  of  the  moss  apices  were  in  equilibrium  with  the 
water  potential  of  the  air  above  them1  (cf.  Hosokawa  et  al. 
1964,  Willis  1964)  ,  and  it  is  apparent  from  Fig.  21  ( p -  9  8) 
that  net  assimilation  would  have  ceased  by  this  time. 

Monthly  totals  of  “moss  wet"  days  were  estimated 
assuming  that  the  moss  was  wet  enough  for  net  assimilation 
to  take  place  for  two  days  following  precipitation  in  mid¬ 
summer,  and  three  days  following  precipitation  from  mid- 
August  to  October  (to  allow  for  reduced  evaporation) .  These 

!Water  potential  of  the  air  [assuming  a  diurnal  temperature 
range  of  5-22°C  (Fig.  6)  and  a  relative  humidity  range  of 
83-45%  (section  II. 3)  J  varies  from  about  —240  to  —1100  bar. 
From  Fig.  25  these  values  are  equivalent  to  moss  water 
contents  of  0.12-0.26  g  «  g  dry  wt-1. 
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totals  are  presented  in  Fig.  29f  which  shows  that  the 
relationship  between  estimated  number  of  days  that  the  moss 
is  wet  and  growth  rate  is  very  close  (correlation 
coefficient  0.88).  Pitkin  (1975)  also  reported  a  high 
correlation  between  "rainfall  minus  potential 
e vapotranspir ation"  (considered  to  be  closely  related  to  the 
length  of  time  which  the  mosses  were  wet)  and  growth  (see 
also  Proctor  1972) .  Moss  growth  in  June  is  lower  than  might 
be  expected,  but  this  can  be  attributed  to  cessation  of 
growth  of  the  1974  layer  and  the  early  stages  of  growth  of 
the  1975  layer.  In  fact  the  rate  of  biomass  increase  of  the 
1975  layer  was  guite  high  in  June  (Table  10). 

The  correlation  coefficient  between  monthly 
precipitation  and  estimated  number  of  days  that  the  moss  was 
wet  was  only  0.38  so,  contrary  to  the  assumption  by  Tamm 
(1953,  p.48),  the  former  cannot  necessarily  be  used  to 
estimate  the  latter. 

Growth  rates  c£  Pleuroz iu  m  sch reberi  and  Ptilium 
cr ist. a-castrens is  in  1975  were  not  measured.  The  responses 
of  these  species  tc  the  various  factors  are  assumed  to  be 
similar  to  those  of  Hylocomium  splendens. 
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4-  Microclimate  and  Bryophyte  Distribution 

a)  Tomenthy pnum  ni tens 

Some  of  the  factors  which  control  the  growth  rate  of 
this  species  were  outlined  in  a  previous  section.  The  most 
important  parameter  appears  to  be  the  balance  between  water 
transport  to  the  apex  and  evaporation  stress.  The  habitat 
limits  of  the  species,  therefore,  would  be  expected  to  be 
correlated  with  changes  in  this  parameter  great  enough  to 
inhibit  growth. 

Factors  which  may  prevent  growth  in  very  wet  habitats, 
for  example  flarks  (see  II. 2  above),  were  not  investigated. 
Birse  (1958a)  reported  that  species  with  a  growth  form 
similar  to  T.  nit ens  were  adversely  affected  by  long  periods 
of  submergence,  but  the  nature  of  this  effect  was  not 
establis  hed. 

Factors  which  inhibit  invasion  into  habitats  occupied 
by  the  Feather  moss  species  were  investigated  using 
reciprocal  transplants.  Mats  of  T.  ni tens,  each  about 
30x55  cm,  were  moved  to  the  "Feather  moss  transplant  site" 
(site  4,  Fig.  2,  p.15)  on  14  May  1975.  At  the  same  time  a 
mat  was  also  transplanted  to  the  "Ridge-crest  transplant 
site"  (site  5,  Fig.  2).  In  addition  cross  transplants  were 
made  within  the  fen  to  determine  the  effect  of  the 
transplant  process  itself.  During  subsequent  monitoring  of 
the  transplants  during  the  rest  of  the  1975  season,  no 
adverse  effects  attributable  to  transplanting  alone  were 
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In  the  present  study  the  moss  transplanted  to  the 
Feather  moss  habitat  did  not  deteriorate,  although  the 
growth  rate  was  reduced.  This  is  probably  due  to  the  fact 
that  the  evaporation  rate  at  the  forested  Feather  moss  site 
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mosses.  If  this  is  also  the  case  with  T*  nitens,  then  its 
fitness  in  the  leather  moss  habitat  would  be  even  lower. 

b)  Feather  mosses 

Transplants  were  also  used  to  determine  the  nature  of 
the  habitat  limits  of  the  Feather  mosses.  On  14  Hay  1975, 
mats  of  Feather  moss,  each  about  30x55  cm,  were  transplanted 
to  the  "Tomenthypn um  transplant  site"  (Plate  4a  and  site  3, 
Fig.  2) .  At  the  same  time  a  mat  of  Feather  moss  was 
transplanted  to  the  Ridge-crest  transplant  site.  In 
addition  cross  transplants  were  made  within  the  Feather  moss 
community  and,  as  with  To  men  thypnii  m  nitens,  no  adverse 
effects  attributable  to  transplanting  were  detected. 

Feather  mosses  transplanted  into  the  fen  showed  signs 
of  damage  when  examined  one  week  later.  Some  of  the  more 
exposed  individuals  appeared  bleached  (Plate  4b),  perhaps  a 
symptom  of  radiation  damage  (see  IV.I.c  above)  .  After  two 
weeks  much  of  the  canopy  surface  was  bleached,  some  stems 
appearing  almost  white.  Ptilium  crist a-castrensis  appeared 
to  be  more  damaged  than  Hyloco mlu m  splendens,  and  Pleurozium 
schre ter i  appeared  least  affected.  This  is  consistent  with 
observations  by  Birse  (1957)  that  P.  schreberi  is  more 
"phototrophic"  than  H.  sjglendens  (see  also  Tamm  1953, 
p.46,103).  Individual  stems  in  sheltered  locations  around 
the  periphery  of  the  transplants  appeared  undamaged.  Over 
the  next  three  months  the  condition  of  the  transplanted 
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Feather  mosses  continued  to  deteriorate  until  most  of  the 
material,  except  for  that  in  sheltered  locations, 
appeared  dead.  Towards  the  end  of  August,  however,  there 
appeared  to  be  some  recovery,  probably  due  to  the  overcast, 
showery  weather  which  prevailed  for  much  of  that  month. 

Some  of  the  less  damaged  material  appeared  to  recover  and 
new  green  shoots  emerged  from  many  of  the  remaining  stems 
(Plate  4c) .  By  the  end  of  October  about  one-third  of  the 
transplanted  material  was  green  or  showed  new  growth. 

Feather  mosses,  therefore,  appeared  to  be  damaged  by 
conditions  associated  with  the  period  from  May  to  mid- 
August.  Factors  which  could  have  contributed  to  the 
deterioration  of  the  Feather  mosses  during  this  period  are 
radiation,  temperature  and  evaporation  stress.  To  test  the 
effect  of  radiation,  a  fresh  mat  of  Feather  moss  was 
transplanted  into  the  fen  on  9  July  1975  and  shaded  by  a 
cheesecloth  screen  designed  to  reduce  the  radiation  to  20% 
of  incident,  i.e.  similar  to  the  normal  Feather  moss  habitat 
(Plate  4a).  To  compensate  for  the  sun  angle,  the  screen  was 
set  up  so  that,  although  all  the  moss  was  screened  from 
direct  radiation  for  most  of  the  day,  only  half  was  covered 
by  vertical  projection  of  the  screen,  the  other  half  being 
exposed  to  the  sky.  This  meant  that  half  of  the  moss  mat 
was  somewhat  sheltered  from  rain  while  the  other  half  was 
exposed  to  normal  precipitation.  The  mat  was  monitored  for 
the  next  three  weeks  and  the  condition  of  the  moss  appeared 
to  slowly  deteriorate,  especially  the  halo-  which  received 
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little  or  no  rain.  Rain  thus  appeared  to  be  essential  in 
maintaining  the  moss  in  a  healthy  condition.  Deterioration, 
however.,  was  not  as  rapid  as  in  the  fully  exposed  material, 
indicating  that  direct  and  indirect  {i.e»  temperature) 
effects  of  radiation  were  indeed  contributing  factors- 
Higher  evaporation  stress  in  the  mere  open  habitat  compared 
with  the  normal  habitat  under  the  tree  canopy  probably 
accounted  for  the  damage  to  the  shaded  material. 

The  effect  of  evaporation  was  tested  by  monitoring  the 
condition  of  a  Feather  moss  mat  transplanted  into  the  fen  on 
11  June  1975  and  covered  by  a  plexiglass  box.  The  aim  was 
to  reduce  the  evaporation  stress  to  determine  if  this 
improved  the  viability  of  Feather  moss  in  the  open  fen 
environment.  The  box,  however,  prevented  precipitation  from 
reaching  the  moss  and  probably  also  caused  a  considerable 
temperature  elevation,  although  this  was  not  measured.  The 
condition  of  the  Feather  moss  mat  deteriorated  so  rapidly 
that,  within  two  weeks,  it  appeared  in  worse  condition  than 
the  exposed  transplants  after  six  weeks.  The  deleterious 
effects  of  radiation,  isolation  from  precipitation,  and 
presumed  high  temperature,  completely  overwhelmed  any 
possible  beneficial  effects  of  evaporation  reduction. 

So  far  discussion  has  centred  on  Feather  moss  mats 
transplanted  so  that  the  canopy  surface  was  level  with  the 
surrounding  Tomenthy pnum  nitens.  Since  the  Feather  mosses 
have  a  higher  resistance  to  external  water  movement  than  T. 
nitens  (see  IV. 2  above). 


most  of  the  transplants  so  far 
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discussed  were  not  maintained  in  a  moist  state  by  ground 
water  from  the  fen,  except  around  the  edges,  but  were  wetted 
only  by  precipitation.  Wats  of  the  Feather  mosses, 
therefore,  were  transplanted  into  the  fen  and  placed  so  that 
the  ground  water  was  able  to  mcve  freely  to  the  tops  of  the 
canopies.  Within  two  weeks  the  tips  of  the  branches  and 
shoot  apices  had  turned  black.  The  same  phenomenon  has  been 
observed  in  the  growth  chamber  when  mosses  were  maintained 
in  poorly  drained  conditions  and  not  protected  frcm 
evaporation  stress.  When  some  of  these  black  tips  were 
examined  it  was  found  that  the  colour  was  due  to  a  deposit 
among  the  leaves.  The  deposit  could  be  rinsed  out  with 
water  and,  when  diluted,  it  was  similar  in  colour  to  water 
taken  from  the  trays  in  which  the  moss  was  growing  in  the 
growth  chamber.  It  also  stained  similarly  with  Toluidine 
Blue.  It  is  suggested  that  this  material  was  transported  up 
the  stems  in  the  water  stream  and  was  deposited  at  the  shoot 
tips  as  the  water  evaporated.  It  is  not  known  why  this 
phenomenon  does  not  occur  in  T.  ni tens ;  perhaps  the  rhizoids 
of  the  tomentum  filter  the  material  out  of  the  water  as  it 
moves  up  the  stems.  Growth  of  the  Feather  mosses, 
therefore,  appears  to  be  inhibited  when  water  is  supplied 
from  below,  at  least  in  conditions  of  high  evaporation 
stress.  This  is  in  agreement  with  observations  by  Birse 
(1958a)  on  the  adverse  effect  of  high  water  tables  on 
Feather  mosses. 

An  additional  explanation  for  the  inhibition  of  Feather 
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moss  growth  in  the  fen  is  depression  of  net  assimilation  at 
high  water  contents  (Pigs.  21  to  23)  [see  also  comments  on 
Rhacomitrium  lanuginosum  by  Tallis  (1959,  1964)  ].  This, 

along  with  the  other  factors,  may  place  the  Feather  moss 
species  at  a  competitive  disadvantage  with  respect  to  the 
fen  species  and  prevent  their  colonization  of  this  habitat. 

The  Feather  mess  species,  therefore,  appear  to  be 
limited  in  the  fen  habitat  by  an  interacting  complex  of 
factors  including  radiation  damage  and  evaporation  stress 
(cf.  Tamm  1953,  p- 104) -  Factors  associated  with  high  water 
tables,  for  example  formation  of  black  deposits  and 
depression  of  net  assimilation  at  high  water  contents,  would 
probably  inhibit  initial  colonization  (cf.  Gimingham  and 
Brynard  1959),  but  would  be  expected  to  gradually  lose  their 
influence  (if  the  moss  could  become  established)  as  canopy 
growth  proceeded.  There  are  insufficient  data  at  present  to 
distinguish  between  these  and  other  factors,  and  to 
determine  which  are  fundamentally  limiting  and  which  could 
be  overcome  by  appropriate  adaptations. 

The  Feather  moss  mat  transplanted  to  the  ridge  crest  on 
14  May  showed  some  signs  of  damage  one  week  later;  some  of 
the  stems  of  P till  urn  crista-castrensis  appeared  slightly 
bleached.  The  condition  of  the  mosses  deteriorated  during 
the  following  three  months,  but  this  deterioration  was  not 
as  severe  as  in  the  material  transplanted  into  the  fen. 
Measurements  with  an  actinograph  indicated  that  the  trees 
around  the  ridge  top  site  reduced  the  incoming  short-wave 
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radiation  to  about  60%  of  that  recorded  at  the  foment hy p num 
site,  so  the  reduced  severity  of  the  damage  may  be 
attributable  to  lower  radiation  levels.  From  mid-August  to 
early  September,  again  correlated  with  overcast  showery 
weather,  there  was  considerable  recovery,  but  after  that 
time  exposure  on  the  open  ridge  and  low  precipitation 
appeared  to  cause  further  deterioration. 

In  the  area  around  the  ridge-crest  transplants 
Plsurozium  schreberi  and  some  H yloccmi urn  splendens  occur 
underneath  the  dwarf-shrub  species  Vaccinium  vi tis-idaea 
var-  minus  and  Arc tost aphylos  uva- ursi  which  have  a  cover  of 
nearly  100%  in  the  area.  At  least  these  two  species, 
therefore,  can  survive  in  this  habitat  if  protected  by  a 
shrub  canopy.  It  appears,  therefore,  that  radiation  and 
evaporation  stress  limit  the  Feather  moss  species  in  dry, 
non-forested  habitats.  Feather  moss  species  are,  however, 
not  restricted  to  forests.  Tamm  (1953,  p.45),  Birse 


(1958a, b)  and  Watscn  (i960)  report  that  Feather  mosses 
commonly  occur  in  protected,  non-forested  areas, 
particularly  on  north-facing  slopes.  Beil  (1966)  performed 
a  multiple  regression  analysis  of  fcryophyte  cover  (chiefly 
Feather  mosses)  in  subalpine  spruce-fir  forest  and  concluded 
that  "The  development  of  the  terrestrial  bryophyte-lichen 
stratum  appears  to  be  independent  of  environment  created  by 
the  tree  stratum.  Environmental  variables  manifested 
through  elevation  and  aspect  are  of  prime  importance." 

These  studies  suggest  that  Feather  mosses  grow  in  forested 
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habitats  primarily  because  of  the  protection  from 
evaporation  stress  and  that  any  chemical  or  biotic 
interaction  with  the  tree  species,  such  as  nutrient  supply 
or  allelopathic  effects,  are  probably  of  secondary 
importance. 

Feather  moss  growth  also  appears  to  be  limited  in  seme 
areas  within  the  forest.  There  are  frequently  areas,  with 
radii  of  20-40  cm,  around  the  bases  of  Pice  a  jnariana  trees 
which  are  clear  of  mosses,  and  other  vegetation.  Moss  yield 
is  known  to  decrease  from  the  edge  cf  the  tree  canopy 
towards  the  trunk,  and  this  has  been  variously  attributed  to 
limitation  by  low  light  (Tamm  1953,  pp. 41-46, 1 09) , 
inhibiting  effects  of  litter  fall  (Tarkhova  and  Ipatov 
1975),  and  insufficient  precipitation  (Abolin1  1974). 

Levels  of  radiation  incident  on  a  clear  area  at  a  tree 
base  and  on  a  nearby  mat  of  Feather  moss  were  measured  for 
one  week  with  acti nographs-  No  significant  differences 
could  be  detected.  The  role  of  litter  in  limiting  moss 
growth  is  difficult  to  determine  and  no  doubt  varies 
considerably  with  forest  type.  Tamm  (1953,  pp.  105-  106) 
indicated  that  litter  fall  can  be  limiting,  but  only  when 
growth  is  already  reduced  by  light  deficiency,  and  Lafioi  and 
Stringer  (1976)  state  that  a  Feather  moss  stem  "...can  pass 
through  or  thrust  aside  a  surprisingly  thick  layer  of 
detritus."  Indications  are,  therefore,  that  the  absence  of 
Feather  mosses  around  the  bases  of  trees  is  not  due 
primarily  to  detritus  limitation  or  low  light  levels. 
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The  other  factor  thought  to  inhibit  growth  of  Feather 
mosses  near  the  bases  of  trees  is  water  limitation-  Field 
observations  indicated  that  the  canopy  morphology  of  Picea 
magia na  tends  to  re-distribute  precipitation  so  that  it 
tends  to  flow  to  the  ends  of  the  tranches  and  fall  in  the 
drip  zone  around  the  canopy  periphery-  Stem  flew  in 
conifers  is  generally  considered  to  be  negligible  (Geiger 
1966,  p.331;  Weetman  and  Timmer  1976;  LaRoi  and  Stringer 
1976)  .  In  this  study  "Tr u-Chek "  rain  gauges  were  placed  on 
the  clear  areas  and  the  precipitation  collected  was  compared 
with  that  recorded  at  nearby  locations  above  Feather  mosses. 
The  measurements  indicated  that  showers  of  less  than  5  mm 
(in  the  open)  did  not  penetrate  through  to  these  clear  areas 
in  measureable  amounts.  If  rainfall  in  the  open  was  more 
than  5  mm,  then  from  2-27%  (average  14%  for  10  readings) 
penetrated  to  the  clear  areas.  This  compares  with  an 
average  penetration  of  78%  for  the  Feather  mosses  (see  II. 3 
above) .  Maximum  mess  production  seems  to  occur  in  or  near 
the  drip  zone  (Tamm  1953,  p.41;  1964;  Abolin'  1974)  so  it  is 
probable,  therefore,  that  water  supply  is  responsible  for 
limiting  growth  of  Feather  mosses  underneath  tree  canopies, 
particularly  at  tree  bases. 
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V. 


DISCUSSION 


Many  of  the  problems  in  the  ecology  of  these  species, 
and  of  bryophytes  generally,  require  understanding  of  the 
physiological  and  biochemical  processes  involved  in 
tolerance  of  and  recovery  from  desiccation.  Recent  research 
has  indicated  that: 

"The  rate  of  recovery  of  photosynthesis  on  re¬ 
moistening,  the  rate  of  decline  of  the  limiting 
photosynthetic  rate  following  progressively 
increasing  desiccation,  the  cause  of  the  initial 
stimulation  of  respiration  and  of  the  longer-term 
build-up  of  respiration  after  more  prolonged 
desiccation,  and  the  reas.cns  for  the  death  of 
bryophytes  after  desiccation  damage,  all  require 
substantially  independent  explanations"  (Dilks  and 
Proctor  1974)  . 

The  rate  of  recovery  on  re-moistening  was  not 
investigated  in  this  study,  but  studies  on  Hylocomium 
sp> lend e n  s  by  Stalfelt  (1937a)  and  Dilks  and  Proctor  (1974) 
have  shown  that  recovery  rate  decreases  with  increasing 
duration  of  desiccation.  Vitality  of  the  moss,  however, 
does  not  appear  to  be  significantly  affected  by  dry  periods 
of  less  than  about  40  days.  Since  dry  periods  at  the  study 
site  in  excess  of  this  amount  appear  to  be  infrequent, 
deleterious  effects  on  this  species  of  long  periods  of 
desiccation  are  probably  rare  (cf.  Hinshiri  and  Proctor 
1971).  The  other  leather  moss  species  are  probably 
comparable  in  their  tolerance  tc  desiccation  b u  i.  no 

information  is  yet  available. 

Dry  periods  in  the  order  of  10—15  days  during  mid 
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the  total  amount  of  precipitation,  rather  than  frequency  or 
intensity,  controls  the  growth  rate  of  this  species  through 
its  influence  on  the  ground  water  level.  The  relationship 
between  precipitation  and  ground- water  level,  however,  is 
complicated  by  factors  such  as  evaporation  rate  and  drainage 
from  the  fen  system,  and  the  relationship  between  ground¬ 
water  level  and  moss  growth  rate  is  further  complicated  by 
swelling  and  shrinking  of  the  moss  canopy  with  variation  in 
water  status  (see  Sonesson  and  Johansson  1973)  ,  relative 
decomposition  rates,  and  the  influence  of  evaporation  on 
apical  water  contents.  Confirmation  of  the  hypothesis  that 
total  precipitation  controls  the  growth  rate  of  this  species 
would  reguire  more  accurate  measurement  of  the  very  slow 
growth  rates  and  evaluation  of  the  significance  of  the 
various  complicating  factors. 

The  rates  of  decline  of  net  assimilation  with 
progressively  increasing  desiccation  appeared  to  be  similar 
among  the  four  species  studied.  Both  photosynthesis  and 
respiration  decreased  with  increasing  desiccation  but 
photosynthesis  appeared  to  be  mere  severely  affected  since, 
in  all  species  except  Pleu.ro zi um  schreberi,  respiration  was 
detected  after  photosynthesis  had  apparently  ceased  (cf. 
Mayer  and  Plantefol  1926  and  Plantefol  1927,  both  cited  in 
Patterson  1943) .  In  the  Feather  moss  species  net 
photosynthesis  probably  ceases  or  becomes  negative  at  water 
contents  below  0.4  g  ®  g  dry  wt”1,  so  no  growth  is  likely 
when  water  contents  reach  equilibrium  with  the  water 
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potential  of  the  air  at  0,12-0.26  g  ®  g  dry  wt-i. 

Experiments  indicated  that  moss  stems  have  a  negligible 
resistance  to  water  loss  and  that  water  loss  tends  to  be 
linear  with  time,  at  least  until  water  contents  are  very  low 
(cf.  Barkman  1958,  p.81;  Klepper  1968;  Hoffman  and  Gates 
1970) .  This  means  that  mosses  in  the  field  dry  out  so 
rapidly  that  differences  between  the  species  in  the  effect 
of  desiccation  on  net  assimilation  rate  would  be  unlikely  to 
significantly  influence  relative  growth  rates. 

A  burst  of  respiration  occurs  on  wetting  after  even 
short  periods  of  desiccation.  It  is  apparently  not  linked 
specifically  with  the  recovery  of  photosynthesis  because  it 
has  been  observed  after  periods  of  desiccation  long  enough 
to  destroy  any  capability  for  recovery  (Dilks  and  Proctor 
1974).  Bewley  and  Thorpe  (1974)  stated  that  the  respiration 
burst  in  Tor tula  r uralis  apparently  reflected  increased 
glycolytic  activity;  however  Bewley  and  Gw6zdz  (1975)  noted 
that  ATP  levels  remained  constant  and  suggested  that  either 
the  respiration  burst  is  uncoupled  from  ATP  production  or 
ATP  is  synthesized  but  used  at  a  rapid  rate.  Tucker  et  al. 
(1975)  investigated  ul trastr uctur al  changes  that  occurred  in 
T.  L!i£alis  upon  rehydration  and  showed  that,  2-5  min  after 
wetting,  considerable  organelle  disruption  was  apparent, 
mitochondria  and  chloroplasts  being  swollen  and  distorted. 
They  suggested  that  the  respiration  burst  might  be 
correlated  with  repair  of  this  damage.  Addition  of  liquid 
water  to  desiccated  moss  has  long  been  considered  injurious 
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(for  example  Abel  1956),  but  Levitt  (1972,  pp. 342-344)  , 
noting  the  variation  in  experimental  results,  concluded  that 
the  situation  was  far  from  clear.  Tucker  et  al.  (1975) 
suggested  that  ,f..„the  ability  to  withstand  desiccation  lies 
not  in  the  ability  of  the  protoplasm  to  remain  unchanged 
during  dehydration  and  rehydration  but  in  the  ability  of  the 
protoplasm  to  return  to  what  we  consider  as  a  unstressed 
condition. " 

Desiccation  tolerance  has  been  shown  to  vary  with 
season  (Ochi  1952,  Hinshiri  and  Proctor  1971,  Lee  and 
Stewart  1971)  and  this  variation  has  been  correlated  with 
variation  in  osmotic  potential  (Hosokawa  et  al.  1964). 
Patterson  (1964)  also  noted  this  correlation  but  commented 
that  the  influence  of  osmotic  potential  on  xeropbytism  was 
still  an  open  question. 

In  addition  to  seasonal  variation  there  may  also  be  a 
gradient  in  desiccation  tolerance  within  individual  stems 
(Abel  1956)  since,  in  some  species,  young  leaves  have  been 
shown  to  be  more  tolerant  to  desiccation  than  older  leaves 
(Hinshiri  and  Proctor  1971).  Differential  tolerance  may 
explain  the  ability  of  some  species  to  recover  after  severe 
stress.  Dilks  and  Proctor  (1974),  for  example,  reported 
that  a  small  proportion  of  the  shoots  of  Hy loco mi urn 
sp;lendens  survived  prolonged  desiccation,  and  it  was  noted 
in  the  present  study  that  new  shoots  developed  in  the 
transplanted  Feather  mosses  and  in  the  brown  coloured 
10!enthy_2IpuJD  nitens  during  favourable  conditions  in  late- 
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August  1975.  Whether  these  new  shoots  were  more  stress 
tolerant  or  merely  better  protected  was  not  established. 
Differential  desiccation  tolerances  and  differences  in 
ability  to  adapt  to  desiccation  stress  (cf.  Abel  1956)  are 
probably  significant  factors  in  controlling  relative 
distributions  of  bryophytes,  but  insufficient  information  is 
presently  available  to  elaborate  on  this. 

It  has  been  shown  in  this  study  that  water  has  a  major 
influence  in  controlling  growth  rates  and  in  determining 
habitat  limits  of  the  species  examined.  Water  movement 
however  is  apparently  not  under  biological  control  since 
there  appear  to  be  no  significant  differences  in  water 
absorption  (Muller  1909,  cited  in  Anderson  and  Bordeau  1955) 
or  water  loss  (Stocker  1956,  cited  in  Anderson  1974)  between 
living  and  dead  plants.  Barkman  (1958,  p.81,85)  claimed 
that  rate  of  uptake  and  capacity  tc  hold  water  are 
correlated  with  habitat,  but  t his  is  disputed  by  Patterson 
(1943)  and  Anderson  (1974).  It  is  important,  however,  to 
distinguish  between  the  water  relations  of  individual  stems 
and  those  of  the  mess  canopy  as  a  unit  since,  as  Giraingham 
(1967)  pointed  out,  "...it  is  particularly  important  in 
mosses  to  take  into  account  not  only  the  properties  of  the 
individual  shoots  in  respect  of  water  uptake  and  loss,  but 
also  the  effect  of  the  way  in  which  the  shoots  are  grouped 
together  in  the  colony:  that  is  the  growth  form  of  the 
moss. " 

Bryophytes  with  similar  growth  forms  occupy  similar 
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habitats  which  suggests  that  they  are  responding  in  a 
similar  fashion  tc  the  various  environmental  parameters  in 
those  habitats  (Hamilton  1953;  Seim  et  al.  1955;  Gimingham 
and  Birse  1957;  Birse  1957,  1958a, b) .  Morphologically, 
loment hy_pnum  nitens  would  be  classified  as  a  “Tall  turf  with 
divergent  branches  of  limited  growth"  along  with  many  of  the 
species  of  Sphagnu  m  (Gimingham  and  Birse  1  957)  and  one  of 
the  characteristic  features  of  this  group  is  that  “...the 
aggregated  shoots  act  as  a  wick,  drawing  water  up  the 
exterior  of  the  stems  in  the  small  spaces  between  leaves  and 
stems  and  between  adjacent  shoots"  (Gimingham  and  Birse 
1957).  Growth  form  is  very  important  in  the  water  balance 
of  T»  nitens  because  its  growth  appears  to  depend  on  the 
balance  between  water  transport  up  through  the  canopy  and 
loss  through  evaporation;  the  high  density  of  shoots 
minimizes  loss  of  water  from  the  stems.  Were  it  not  for 
this  protection  frcm  evaporation,  water  transport  to  the 
apex  would  be  reduced,  thus  lowering  apical  water  contents, 
net  assimilation  rates  and,  presumably,  the  ability  of  the 
species  to  survive  and  compete  in  this  habitat. 

A  high  shoot  density  would  not  be  particularly 
advantageous  to  the  Feather  mosses.  These  species  do  not 
depend  upon,  and  in  fact  appear  to  be  damaged  by,  water 
supply  from  below,  sc  protection  from  water  loss  from  within 
the  canopy  is  not  necessary.  The  mosses  are  subjected  to 
periodic  desiccation  and,  alter  wetting,  the  water  content 
of  the  apical  region  must  remain  high  for  long  enough  to 
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recover  from  the  effects  of  desiccation  and  then  to  achieve 
sufficient  production  to  compete  effectively  against  other 
species.  It  is  important,  therefore,  that  the  apex  be 
protected  from  evaporation  stress  for  as  long  as  possible 
after  rain  and  this  is  best  achieved  in  shaded  habitats  or 
in  environments  with  high  humidity  and  consistent  cloud 
cover.  Species  with  the  ability  to  recover  rapidly  from 
desiccation  and  with  low  growth  rates,  for  example  Tortula 
ruralis  (Bewley  and  Thorpe  1974) *  can  survive  in  more 
exposed  habitats.  The  Feather  mosses,  however,  appear  to  be 
adversely  affected  by  high  evaporation  stress  and  the 
clearing  experiments  showed  that  growth  rate  can  be 
measurably  reduced  by  the  removal  of  a  sparse  shrub  canopy, 
even  in  a  forested,  relatively  sheltered  site.  Since 
humidity  and  cloud  cover  are  generally  low,  evaporation 
stress  in  the  open  is  very  high  at  the  study  site  and  the 
Feather  mosses  are  consequently  restricted  to  areas 
sheltered  by  trees  and  shrubs. 

One  feature  which  could  have  some  significance  in  the 
water  relations  of  bryophytes  is  the  ■' wettability "  of  the 
stems  and  capacity  to  hold  water  after  rain.  Barkman  (  1958, 
p.  8 1)  noted  that  water  absorption  is  very  rapid;  in 
xerophytic  bryophytes,  seconds  j  less  xerophyeic  bryophytes, 
0.5-1  min;  mesophytic  species,  5-15  min;  and  hygrophytic 
species,  1— several  hours.  Barkman  also  stated  (p.85)  that 
hygrophytic  bryophytes  have  low  water  holding  capacities  ( 5- 
8  g  e  g  dry  wt-i),  while  most  xerophytes  have  capacities 
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ranging  from  9  17  g  ©  g  dry  w  t-  *  .  However,  Anderson  (1  974) 
claimed  that  no  consistent  relationship  between  water 
holding  capacity  and  habitat  had  been  found. 

The  three  Feather  mosses  were  shown  to  have  a  higher 
water  holding  capacity  than  Tomenthypnum  nit ens  and  the 
significance  oi  this  could  lie  in  the  fact  that  growth  of 
the  former  reguires  the  maintenance  of  a  high  water  content 
for  as  long  as  possible  after  rain.  The  fact  that  80-90%  of 
the  water  in  saturated  moss  is  held  externally  is  important 
because  the  water  content  can  decrease  to  10-20%  of  the 
saturation  value  before  any  water  stress  is  experienced  by 
the  photosynthetic  cells.  The  fact  that  net  assimilation  is 
inhibited  at  high  water  contents  would  not  necessarily  be  a 
problem  in  the  field  since  saturation  frequently  occurs 
after  a  previous  dry  period,  and  the  delay  in  resumption  of 
photosynthesis  would  allow  some  of  the  excess  water  to 
evaporate  before  photosynthesis  commenced.  In  fact  excess 
water  may  be  advantageous  because,  by  increasing  the 
resistance  to  carbon  dioxide  diffusion,  it  would  tend  to 
retain  in  the  apical  region  the  carbon  dioxide  released  by 
the  initial  respiration  burst  and  this  would  then  be 
available  for  photosynthesis  when  recovery  occurred. 

In  the  case  of  Tome nthy pnum  nit ens  a  high  water  holding 
capacity  would  not  be  advantageous.  Unlike  the  situation 
with  the  Feather  mosses,  rainwater  appears  to  have  little 
direct  physiological  importance  since  it  is  either 
transported  down  to  the  water  table  or  rapidly  lost  through 
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evaporation.  Growth  rate  in  T.  nitens  is  controlled  by 
water  supplied  from  below,  and  growth  is  only  possible  when 
the  rate  of  transport  through  the  canopy  equals  or  exceeds 
rate  of  loss  through  evaporation.  Capillary  water  in  the 
apical  region  in  excess  of  metabolic  requirements  would  be 
deleterious  because  of  the  increased  resistance  to  gas 
exchange.  There  would  be  no  selective  pressure  to  increase 
water  holding  capacity  because,  with  the  high  evaporation 
rates  in  the  fen  habitat,  species  with  a  higher  capacity 
would  be  unlikely  to  gain  any  significant  advantage  after 
rainfall  over  those  with  lower  capacities. 

The  correlation  between  water  holding  capacity  ana 
habitat  noted  by  Barkman  (1  958)  ,  therefore,  appears  to  apply 
to  the  species  examined  in  this  study  and  may  well  be 
applicable  to  many  other  bryophytes.  Each  species,  however, 
should  be  evaluated  individually  and  conclusions  drawn  with 
care  because  the  role  of  water  in  bryophvte  ecology  is 
complex  and  involves  many  parameters,  including  water 
source,  path  of  movement  through  the  canopy,  rate  of  loss 
and  frequency  of  wetting  and  drying.  The  morphology  of 
individual  stems  and  the  growth  fcrm  of  bryophyte  canopies 
may  be  closely  integrated  with  the  water  relations  of  the 
species  concerned,  and  further  studies  in  this  area  may  well 
result  in  explanations  for  many  of  these  correlations. 

Solar  radiation  is  also  a  parameter  with  complex  direct 
and  indirect  effects.  High  radiation  levels  apparently  have 
a  direct  deleterious  effect  on  leather  mosses,  but  do  not 
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appear  to  affect  Tcmen thulium  nitens,  or  at  least  net  to  the 
same  extent.  Susceptibility  to  direct  radiation  damage, 
however,  is  unlikely  to  be  a  primary  factor  in  limiting 
Feather  moss  distribution.  This  conclusion  is  based  on  the 
fact  that  these  mosses  occur  in  habitats  at  the  study  site 
where  they  are  exposed  to  radiation  levels  in  the  order  of 
250 %  of  average  levels  under  the  tree  canopy.  They  are 
presumably  adapted  to  these  higher  light  levels  and  their 
ability  to  survive  there  is  possibly  due  to  protection  from 
wind  by  surrounding  trees  and  shrubs  and  the  maintenance  of 
a  high  humidity  (suspected  but  not  measured)  by  small  pools 
of  water  in  the  area  thus  reducing  evaporation  stress  to  a 
tolerable  level. 

There  was  no  indication  that  low  light  levels  inhibited 
growth  of  any  of  the  moss  species  at  the  study  site  during 
the  snow-free  season.  This  conclusion,  based  on  a  fairly 
superficial  laboratory  study  and  extrapolation  of  the 
results  to  the  field,  must  be  regarded  as  tentative  until 
confirmed  by  more  thorough  studies.  However  many  mosses 
have  been  shown  to  adapt  to  very  low  light  levels  (Hosokawa 
et  al.  1964),  and  field  measurements  in  the  present  study 
suggest  that  interception  of  rainfall  by  dense  tree  canopies 
is  likely  to  be  more  significant  than  light  interception. 

Radiation  also  affects  parameters  such  as  air  and  moss 
temperature,  vapour  pressure  deficit  and  local  wind 
currents.  Temperature  of  mosses  such  as  Tome n th y pn um  ni tens 
in  open  habitats  can  show  diurnal  variations  from  below  0°C 


■ 


. 


156 


to  above  40°C  with  rates  of  change  exceeding  1  0°C  in  30  rain. 
The  actual  temperature  values  are  unlikely  to  be  significant 
since  most  mosses  appear  to  maintain  positive  net 
assimilation  rates  over  a  wide  range  of  temperatures,  but  it 
is  essential  to  study  the  effect  of  rapid  temperature 
fluctuations  before  any  sound  conclusions  can  be  drawn.  Low 
temperatures  are  probably  not  a  hazard  to  most  moss  species 
since  water  loss  from  the  thin  leaves  is  so  rapid  that 
freezing  injury  due  to  intracellular  ice  formation  is 
unlikely  to  occur  (Dilks  and  Proctor  1975).  foment hypnum 
listens f  however,  is  almost  continuously  moist  and,  since 
canopy  temperatures  generally  drop  below  air  temperature  in 
the  early  morning,  this  species  can  be  subjected  to  freezing 
temperatures  at  any  time  of  the  season.  Net  assimilation 
rates  were  probably  limited  at  the  beginning  and  end  of  the 
season  by  low  temperature  and/or  water  stress  due  to 
freezing  of  the  ground  water,  but  the  effect  of  freezing 
temperature  on  net  assimilation  in  this  species  has  not  been 
studied.  The  Feather  moss  species  appear  to  be  relatively 
unaffected  by  temperatures  as  low  as  -10°C  when  wet  and  may 
survive  even  lower  temperatures  in  a  "freeze-dried"  state 
(Kallio  and  Heinonen  1973,  Dilks  and  Proctor  1975). 

Evaporation  stress,  which  is  a  function  of  radiation, 
air  temperature  and  wind,  is  an  important  factor  controlling 
the  water  balance  of  Tomenthyp  cum  nitens.  In  conjunction 
with  rainfall  frequency,  it  is  also  important  in  determining 
the  length  of  time  in  which  the  Feather  mosses  are  able  to 
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photosynthesize .  The  restriction  of  T.  ni te ns  to  areas  with 
high  water  tables  and  the  absence  of  Feather  mosses  from 
open,  exposed  habitats  are  probably  due  largely  to  the 
effects  of  evaporation  stress. 

Other  environmental  factors  such  as  carbon  dioxide 
concentration  near  the  soil  surface,  nutrient  balance,  and 
impact  of  grazing  were  not  examined.  Carbon  dioxide 
concentration  may  affect  absolute  productivity  rates  but  is 
unlikely  to  have  a  significant  effect  on  determining  the 
habitat  limits  of  the  species  (cf.  Tamm  1953,  p.101). 

The  role  of  nutrients  in  bryophyte  ecology  is  very 
poorly  understood.  The  distributions  of  many  species  have 
been  correlated  with  nutrient  concentrations  but 
cause/effect  relationships  are  far  from  clear.  Mosses  are 
known  to  accumulate  minerals  beyond  concentrations  found  in 
the  substrate  (e.g.  Tamm  1953,  1964;  Anderson  1974) ,  and  it 
has  been  argued  that  nutrients  frequently  limit  moss  growth 
(Tamm  1953,  p.111;  Kallio  and  Karenlampi  1973) .  Addition  of 
nutrients  to  moss  canopies  in  the  field  has  reportedly 
stimulated  growth  (Clarke  et  al.  1971,  Kallio  and  Heinonen 
1973,  Kallio  and  Karenlampi  1973),  and  field  observations  in 
this  study  suggest  that  animal  droppings  may  stimulate 
growth  of  T.  nitens.  Moss  in  the  immediate  area  of  such 
droppings  had  apices  which  were  much  greener  than  the  rest 
of  the  carpet.  This  suggests  that  nutrients  may  indeed  be 
limiting,  at  least  in  some  cases,  but  further  studies  of 
nutrient  budgets  in  the  field,  combined  with  laboratory 
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experiments ,  are  necessary. 

A  number  of  arthropod  groups  are  known  to  feed  on 
bryophyte  gametophy tes  (Gerson  1969)  ,  but  the  influence  of 
grazing  is  generally  considered  to  be  minor  (e.g.  Barkman 
1958,  p.171}„  Tamm  (1953,  p-107)  noted  that  "For  most 
animals  Hylocomium  s plendens  seems  to  be  little  if  at  all 
palatable  and  seldom  eaten."  No  evidence  of  grazing  damage 
was  noted  in  any  specimens  collected  during  the  present 
study . 

The  influence  of  internal  factors  on  growth  regulation 
in  the  field  is  also  poorly  understood.  Growth  is 
considered  to  be  controlled  primarily  by  external  factors 
(Tamm  1953,  p . 20, 3 1,  1 1 7;  Tallis  1  959;  Pitkin  1975)  but,  in 
species  such  as  Hylocomi urn  splendens,  internal  factors  also 
appear  to  be  involved.  In  H.  splenden s  the  bud  which  will 
develop  into  the  following  year's  growth  layer  is  formed  at 
the  same  time  that  the  lateral  tranches  are  initiated  in  the 
current  year's  layer,  but  its  growth  is  somehow  suppressed. 
This  suppression  dees  not  appear  to  require  cold  treatment 
for  removal,  since  buds  show  apparently  normal  development 
in  material  brought  into  the  growth  chamber  late  in  the 
season  and  kept  at  temperatures  above  freezing.  Photoperiod 
also  seems  not  to  be  a  factor  since  a  small  proportion  of 
buds  showed  some  elongation  in  late- September  and  October, 
whereas  development  does  not  usually  take  place  until  the 
following  Kay  or  June.  It  appears  that  the  bud  does  not 
start  to  elongate  until  the  previous  segment  has  completed 
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its  growth.  If  this  growth  is  delayed,  for  example  ly 
removal  of  the  protective  shrub  canopy,  then  the  development 
of  the  bud  in  the  following  year  also  appears  to  be  delayed. 
This  suggests  that  some  form  of  hormonal  balance  may  be 
involved,  perhaps  some  kind  of  apical  dominance  phenomenon. 
The  segments  of  the  moss  may  be  adapted  to  reaching  a 
certain  size  before  the  inhibition  is  released  and  growth  of 
the  next  layer  commences  (see  also  Tamm  1953,  p.23,112). 

One  reason  for  the  monopodial  growth  of  arctic  and  alpine 
populations  of  H.  s_plendens  (D.H.  Vitt,  pers.  comm.)  is 
possibly  that  growth  rates  are  lower  and  development  of  the 
lateral  bud  may  be  always  suppressed.  This  hypothesis  could 
be  tested  in  the  field  by  removing  the  apical  bud  and 
observing  whether  sympodial  growth  resulted. 

Many  bryophytes  show  pronounced  phenotypic  plasticity 
(Tallis  1959;  Forman  1964;  Longton  1974a, b)  and 
morphological  variation  is  frequently  associated  with 
physiological  differences  (Bazzaz  et  al.  1970,  Lee  and 
Stewart  1971,  Kallio  and  Heinonen  1973).  Whether  this 
variation  is  genetically  determined,  a  plastic  response  to 
habitat  conditions,  or  both,  remains  to  be  established  in 
most  cases.  Szweykowski  and  Vogel  (1966,  cited  in  Anderson 
1974)  found  that  North  American  and  European  populations  of 
the  variable  Geocalyx  qr a veole ns  were  identical  when  grown 
under  the  same  conditions;  however  Longton  (1974b)  found 
that  the  variation  in  growth  and  morphology  of  populations 
of  Poly;trichum  strictum  was  due  to  a  combination  of 
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environmental  and  genetic  factors® 

The  applicability  of  the  results  from  this  study  to 
other  areas  where  To  men thy pnum  nitens  and  the  Feather  mosses 
occur,  therefore,  depends  on  the  genetic  variation  in  these 
species  ana  the  morphological  and  physiological  plasticity 
which  they  are  able  to  exhibit®  The  general  climate  of  the 
area  near  Edscn  appears  comparable  to  the  climate  of  other 
areas  where  these  species  are  conspicuous  components  of  the 
vegetation  (Tamm  1953,  p . 136;  Ritchie  1960;  Ruuhijarvi  1960; 
Heinselman  1963;  Sjors  1963).  However  it  is  not  always 
possible  to  use  climatic  data  to  determine  whether 
microclimates  are  comparable.  In  this  case  solar  radiation 
and  air  temperature  were  comparable  with  data  recorded  at  a 
nearby  meteorological  station  at  Edson,  but  parameters  such 
as  rainfall,  moss  temperature,  evaporation  and  wind  showed 
variation  on  a  more  local  scale.  In  a  region  of  variable 
topography,  relationships  between  microclimate  and 
macroclimate  can  be  very  poor  (e.g.  Billings  and  Anderson 
1966)  and  this  is  a  major  problem  in  attempting  to  correlate 
species  distributions  with  maps  of  meteorological  factors 
(compare  Forman  1964  with  Dilks  and  Proctor  1975) .  The 
macro-  and  micro-climatic  data  presented  in  this  study 
should,  however,  prove  valuable  for  controlled  environment 
studies  of  physiological  responses  and  in  comparing  the 
growth  rates  and  habitat  limits  of  these  species  with  other 
populations  in  different  regions. 
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VI.  CONCLUSIONS 


The  Toment hyj3nu m  nitens  community  in  the  open  fen  is 
exposed  to  higher  levels  of  solar  radiation,  higher  canopy 
surface  temperatures,  greater  surface  temperature  variation, 
and  higher  evaporation  stress  than  the  more  sheltered 
Feather  moss  community.  The  Feather  mosses  receive  less 
rainfall  because  of  interception  by  the  tree  canopy  and  are 
subjected  to  frequent  drought  stress  because,  unlike  the  T. 
nitens  community,  they  occur  in  well-drained  habitats  with 
no  access  to  ground  water. 

Growth  rate  of  T.  nitens  depends  on  water  content  of 
the  apical  region  which,  in  turn,  is  determined  by  the 
balance  between  movement  of  water  from  the  water  table  up 
through  the  canopy  and  loss  through  evaporation.  The  canopy 
morphology  is  well  adapted  for  this  process;  the  closely 
packed  stems  reduce  evaporation  within  the  canopy  and  the 
stem  tomentum  and  stem  leaves  provide  a  low-resista nee  path 
for  water  movement.  Rate  of  water  movement  through  the 
canopy  is  probably  controlled  by  depth  to  the  water  table, 
and  this  water  level,  at  least  in  part,  may  be  controlled  by 
the  total  annual  precipitation  -  evaporation  balance.  Long¬ 
term  growth  of  the  T.  nitens  canopy  is  probably  determined 
by  changes  in  ground-water  level  and  decomposition  rate. 
Growth  of  T.  nitens  in  less  hydric  habitats  appears  to  be 
inhibited  by  restricted  access  tc  ground  water  and  this 
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water  requ ir ement  does  not  app 
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APPENDIX  I 

Species  Composition  of  Study  Site  Plant  Communities 

In  the  following  table  A  to  M  refer  to  the  plant 
communities  discussed  in  the  text  and  the  numbers 
associated  with  the  species  names  are  their  cover- 
abundance  values  ( B r aun- B 1 anque t  1964),  on  a  scale  of 
+  to  5,  in  each  community.  Unless  otherwise  indicated, 
nomenclature  for  vascular  plants  follows  Moss  (1959),  that 
for  mosses  follows  Crum  e_t  a_l.  (1973),  and  for  lichens 
Hale  and  Culberson  (1970). 

Species  ABCDEFGHJKLM 


TREES 


Larlx  larlclna 

Populus  bals  ami f era 

Plnus  contorta.  var. 
lati folia 

Populus  tremuloldes 
Plcea  marlana 
Plcea  glauca 


2  2  +  1 

+  + 

+  2  +  221 
+  +  2  1  3 

+  124552  +  2  +  + 

+ 


SHRUBS 


Andromeda  poll  folia 

Salix  bebblana 

Betula  pumlla  var. 
glandullfera 

Salix  Candida 

Oxy  coccus  microcarpus 

Salix  maccalllana 

Salix  myrtllll folia 

Rubus  chamaemorus 

Lonlcera  Involucrata 


1 


1  + 


+ 


+  33  + 

+  +  + 

+  +  + 

+ 


1 

1 

+  + 

+ 

+  + 

+  + 

+  +  +  + 
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Species 


ABCDEFGHJKLM 


Ribes  hudsonianum 

Alnus  crispa 

Ledum  groenlandicum 

Vaccinium  vitis-idaea 
var.  minus 

Linnaea  borealis  var. 
ameri eana 

Rosa  acicularis 

Vaooinium  myrtilloides 

Arctostaphylos 

uva-ursi 

Shepherdia  canadensis 
Rubus  strigosus 
Viburnum  edule 


+ 

+ 

+ 

+ 

3 

+ 

3 

1 

1 

3 

+ 

2 

+ 

3 

+ 

+ 

1 

+ 

+ 

+ 

1 

1 

+ 

2 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

2 

+ 

3 

+ 

+  + 

+ 

+ 


HERBS 


Drosera  anglica 

Juncus  albes cens 

Utricularia 

intermedia 

Muh lenbergia 
glomerata 

Pam  as  si  a  palustris 
var.  neogaea 

Lobelia  kalmii 

Carex  atherodes 

Carex  limosa 

Carex  vaginata 

Carex  lasiocarpa 

To fieldia  glutinosa 

Triglochin  maritima 

Carex  diandra 

Carex  interior 

Habenaria  hyperborea 

Calamagrostis 

inexpansa 


+ 

+ 

1 

1 

+ 

+  + 

+ 

1 

+ 

+  + 

+  1 

+  + 

+  1  + 

+  11 

+  +  1 
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Species 


B 


D  E 


H 


K 


M 


Eriophorum 

s  cheuchzeri 

Meny anth.es  trifoliata 

Spiranthes 

romanzof fiana 

Campanula 

rotundifo lia 

Caltha  palustris 

Pedicu lards 

labradorica 

Potentilla  palustris 

Orchis  rotundi folia 

Carex  aquatilis 

Ranunculus 

lapponiaus 

Smilacina  trifolia 

Equis etum  fluviatile 

Carex  disperma 

Equis  etum  scirpoides 

Petasites  palmatus 

Equis  etum  sylvaticum 

Equis  etum  pratense 

Epi  lobium 

an  gust i folium 

Cornus  canadensis 

Geocaulon  lividum 

Equis  etum  arvense 

Ly  cop  odium 

comp lanatum 

Antennaria  neglecta 

Galium  boreale 

Maianthemum  canadense 
var.  interius 

Pyrola  secunda 

Anemone  multi fida 

Viola  reni folia 


+  +  +  + 

112  + 

+  +  +  +  + 

+  +  +  + 

+  + 


+ 


+ 

+ 

+ 

1 


1 

1 


+ 

+ 

+ 


+ 

+ 


+ 

1 


+ 

+ 


+  + 
+  + 


1 

+ 

+ 


1 

+ 

+ 

+ 

+ 

1 


+ 

1 

+ 

+ 


+ 

1 

+ 

+ 

+ 


+ 

+ 

+ 


+ 

+ 

+ 

+ 

+ 

+ 

+ 


+ 

+ 

1 


+ 

+ 

+ 

+ 

+ 


+ 

+ 

+ 

+ 


+  + 


+ 

+ 


+ 


+  + 
+ 

+  + 
+  + 


+  + 
+  + 
+  + 
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Spec ies 


ABCDEFGHJKLM 


Solidagc  decumb ens 
var.  oreophila 

Pyrola  virens 

Arabia  nudicaulis 

Aster  ciliolatus 

Aster  laevis  var. 
geyeri 

Goody  era  repens 
Lycopodium  annotinum 
Pyrola  asari folia 

CRYPTOGAMS 


Calliergon  trifarium  1 

Drepanocladus 

revolvers  2 

Meesia  triquetra  1 

Scorpidium  turges cens  2 

Campy  Hum  stellatum  +  + 

C ladonia  cornuta  + 


Sphagnum 

an  gust i folium 
(Russ.)  C . Jens. 

Cladina  rangiferina 

Stereocaulon 

tomentosum 

Bryum 

pseudo  triquetrum  + 

Sphagnum  warns  tor fii 
Sphagnum  fuscum 
Tomenthypnum  nitens  +  5 

Dicranum  undulatum  + 

Aulacomnium  palustre  + 

Sphagnum  nemoreum 

Scop. 

Plagiomnium 
ellipti cum 
(Br id  .  )  Kop . 

Cladina  mitis 


+ 

+ 

2 

+ 

+ 

+ 

+ 

+ 


+ 

2 

+ 

+  + 

1  + 

1 

5  +  1  + 

+  +  +  + 

+  2  +  +  + 

+  1 

+  +  + 

2  + 


1 


/ 
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Species 


ABCDEFGHJKLM 


Diaranum  polysetum 

Ptilium  arista- 
aas trensis 

Peltigera  apthosa 

Hyloaomium  splendens 

Pleurozium  sahreberi 

Poly  trichum  striatum 

Peltigera  malacea 

Ceratodon  purpureus 

Cladina  arbus aula 


179 


APPENDIX  II 

Maintenance  of  Mosses  in  Controlled  Environment  Chambers 

A  feature  common  to  many,  if  not  most,  controlled 
environment  chambers  is  the  frequent  exchange  of  air  which 
is  necessary  to  maintain  isothermal  conditions.  Since 
mosses  inevitably  lose  water  if  the  relative  humidity  is 
less  than  100%,  this  perpetual  current  of  air  can  rapidly 
desiccate  mosses,  even  at  low  temperatures,  if  they  are  not 
continually  supplied  with  water. 

Many  mosses,  however,  may  not  survive  if  kept 
continuously  wet.  Some  mosses,  for  example  To  men thy pnum 
BiLbens,  can  be  maintained  under  high  evaporation  conditions 
if  the  base  of  the  canopy  is  always  saturated;  however  other 
species,  such  as  the  Feather  messes,  are  adversely  affected 
by  water  transported  up  through  the  canopy  from  below. 
Feather  mosses  were  maintained  successfully  when  evaporation 
was  reduced  (but  net  prevented)  by  the  placement  of  a  clear 
plastic  sheet  on  the  canopy  surface.  They  appeared  to  be 
subject  to  fungal  attack  if  kept  continuously  wet,  but 
appeared  to  thrive  as  long  as  desiccation  after  watering  was 
not  too  rapid. 

Moss  species  appear  to  differ  considerably  in  their 
tolerance  to  various  combinations  of  these  conditions  but, 
if  attention  is  paid  to  their  water  relations  in  the  field, 
then  their  maintenance  under  controlled  conditions  should 
prove  fairly  straightf o ward. 
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